Introduction and Report on Carcinogens Review Process

exposure to the substance. The profiles include references to scientific
literature used to support the listings. The substances listed in the
RoC do not include all human carcinogens. The RoClists only those
nominated agents, substances, mixtures, or exposure circumstances
for which relevant data exist and have been reviewed and found to
meet the listing criteria defined above. As additional substances are
nominated, they will be considered and reviewed for possible listing
in future editions of the RoC.

Other Information Provided in the
Twelfth Report on Carcinogens

Following the Substance Profiles, additional information is provided
about terms that are used frequently in the profiles, including a Glos-
sary, a list of Acronyms and Abbreviations, and Units of Measure-
ment. In addition, the following appendices are provided:

» Appendix A provides a list of manufacturing processes,
occupations, and exposure circumstances classified by IARC
as carcinogenic to humans.

« Appendix B lists the agents, substances, mixtures, or exposure
circumstances that have been delisted from the RoC.

« Appendix C lists the agents, substances, mixtures, or exposure
circumstances that have been reviewed but not recommended
for listing in the RoC.

+ Appendix D identifies participants who collaborated in
preparation of the Twelfth Report on Carcinogens.

« Appendix E is a table of chemicals that have been nominated
to the NTP for toxicological or carcinogenicity testing since
2004.

« Appendix F is a cross-referenced list of substances and their
common synonyms or abbreviations.

« Appendix G lists, by Chemical Abstract Service (CAS)
Registry number, all of the chemicals included in the RoC for
which CAS Registry numbers were identified.

The Twelfth Report on Carcinogens was prepared following proce-
dures that maximized the quality, objectivity, utility, and integrity of
the information contained in the report. Although not anticipated,
factual errors or omissions in this report may be identified after its

distribution. If this should happen, these errors or omissions will be

addressed by the NTP. Where appropriate, corrections will initially
be posted on the NTP RoC Center Web site at http://ntp.niehs.nih.
gov/go/roc and then made in the next edition of the RoC. For more

information on the published Twelfth Report on Carcinogens, includ-
ing how to request a printed or electronic copy or to access it on the

Internet, visit the NTP RoC Center Web site at the link provided

above or contact Dr. Ruth Lunn, Director, Report on Carcinogens

Center, National Toxicology Program, MD K2-14, P.O. Box 12233,
Research Triangle Park, NC 27709; telephone (919) 316-4637; fax

(919) 541-0144; e-mail lunn@niehs.nih.gov.
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NIOSH Carcinogen List: http://www.cdc.gov/niosh/topics/cancer/npotocca.htmi
National Toxicology Program (NTP}
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Report on Carcinogens: http://ntp.niehs.nih.gov/go/roc

Occupational Safety and Health Administration (OSHA)

http://www.osha.gov
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NTP Report on Carcinogens Review Process

The Report on Carcinogens (RoC) is a Congressionally mandated doc-
ument that identifies and discusses agents, substances, mixtures, or
exposure circumstances (collectively referred to as “substances”) that
may pose a hazard to human health by virtue of their carcinogeni-
city. Substances are listed in the report as either known or reasonably
anticipated to be human carcinogens. The National Toxicology Pro-
gram (N'TP) prepares the RoC on behalf of the Secretary of Health
and Human Services (HHS). The RoC review process is described be-
low and consists of four major parts: (1) nominations and selection
of candidate substances, (2) scientific review of candidate substances,
(3) peer review of draft substance profiles, and (4) preparation of the
RoC and transmittal to Congress and the public. A schematic of the
RoC review process is provided at the end of this section.

Nominations and Selection of Candidate
Substances

The N'TP invites nominations for consideration for listing in the RoC
from anyone in the public and private sectors. Nominations may seek
to list a new substance in the RoC, reclassify the listing status for a
substance already listed, or remove a substance already listed. Nom-
inations should be submitted to the NTP! at http://ntp.niehs.nih.gov
select “Provide Input to NTP? Nominations must contain a rationale
or reason for the review and, if possible, appropriate background in-
formation and relevant data (e.g., journal articles, NTP Technical
Reports, International Agency for Research on Cancer Monographs,
exposure surveys, and release inventories) to support the rationale.

The NTP initially evaluates each nomination to determine whether
the scientific information available for a nomination justifies its for-
mal review and consideration. Those nominations proposed for re-
view proceed as discussed below. The reason for not going forward
with review of a new nomination would be the lack of sufficient in-
formation? for applying the listing criteria® (see Introduction). The
reason for not proceeding with a nomination to reclassify or remove
a current listing would be the absence of significant new scientific
information published since the original listing. Those nominations
not selected for review are returned to the original nominator who
is invited to resubmit the nomination with additional information
such as new data, exposure information, etc. that justifies a formal
review. The NTP may defer or terminate the review of a proposed
nomination at any time if relevant information becomes available
that warrants the NTP’s reconsideration of the substance’s review.
In such cases, the nominator, the NTP Board of Scientific Counsel-
ors {(BSC),* the NTP Executive Committee,” and the public would
be notified of this action.

The NTP announces nominations proposed for review and solic-
its public comments through announcements in the Federal Register
and NTP publications. These announcements ask for relevant infor-
mation concerning carcinogenicity of the substance as well as data
on current production and information on exposure and patterns of
use. Comments received in response to the public announcements

"National Toxicology Program, Report on Carcinogens Center, P.O. Box 12233, MD
K2-14, Research Triangle Park, NC 27709.

*Lack of sufficient information means that adequate studies (such as animal, human, or
mechanistic), which are critical for evaluation of the carcinogenicity of the nomination,
are not currently available in the peer-reviewed literature.

3The criteria for listing a substance in the RoC are available at http://ntp.niehs.nih.gov
see “Report on Carcinogens.”

“The BSC is a federally chartered advisory committee whose members are appointed by
the Secretary, HHS. The BSC provides advice to the NTP Director on matters relating
to scientific program content and evaluates the scientific merit of the NTP’s intramu-
ral and collaborative programs.

*The NTP Executive Committee is composed of the heads (or their designees) of fed-
eral research and regulatory agencies and provides advice to the NTP on policy issues.
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are used to (1) refine the list of nominated substances to identify the
candidate substances that will proceed through the full review pro-
cess and (2) identify scientific issues that should be addressed in the
preparation and/or review of the draft background document for an
individual candidate substance. In addition, the NTP invites the pub-
lic to nominate scientists to serve on an expert panel® for each spe-
cific candidate substance. An expert panel will be convened to provide
peer review of the draft background document, make a recommenda-
tion for the candidate substance’s listing status in the RoC, and pro-
vide the scientific justification for that recommendation.

Scientific Review of Candidate Substances

The scientific review of a candidate substance consists of three ma-
jor steps: (1) preparation of the draft background document, (2) re-
view by an expert panel at a public meeting, and (3) internal review
by two independent federal committees.

Draft Background Documents

The NTP prepares a draft background document for each candidate
substance under consideration. The background documents may be
prepared with the assistance of a consultant(s) with expertise and/
or knowledge relevant to the specific candidate substance. Back-
ground documents are prepared following the general format pre-
sented below. Background documents do not contain any opinion
regarding the listing status for the candidate substance. Data used
to prepare Sections 3 through 5 must come from publicly available,
peer-reviewed sources.

1. Introduction

This section describes the properties (e.g., chemical, physical or bio-
logical) of the candidate substance and states the scientific rationale

for review. For chemicals, it contains the following sections (1) chem-
ical identification, including synonyms, trade names, CAS Registry

numbers, molecular formula, and molecular structure, (2) physical-
chemical properties, and (3) identification of structural analogues or

metabolites. For other types of agents {e.g., biological, exposure cir-
cumstances, or physical), it provides appropriate information to de-
fine the candidate substance.

2. Human Exposure

This section provides a summary of relevant data documenting both

present and past exposures. It typically provides information on use,
production, environmental occurrence, and exposure (including re-
lease and fate in air, water, soil, and food), exposure to the general

population (e.g., occurrence in consumer products or medical de-
vices), occupational exposure, biological indices of exposure, and reg-
ulations and guidelines to limit exposure.

3. Human Cancer Studies

This section summarizes traditional cancer epidemiology studies
(mainly case-control and cohort studies, but may also include de-
scriptive studies and case reports). Data from clinical studies may
also be included.

°An expert panel is an ad /oc group of scientists with relevant expertise and knowledge
selected by the NTP from the public and private sectors. Nominations to serve on spe-
cific expert panels are solicited from federal and nonfederal sources. The final selections
for membership are based upon providing a balanced and unbiased group of highly qual-
ified individuals and are made in accordance with the Federal Advisory Committee Act
and HHS implementing regulations.

Report on Carcinogens, Twelfth Edition
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4. Studies in Experimental Animals

This section summarizes experimental animal studies of potential car-
cinogenesis including long term bioassays, subchronic studies, ini-
tiation and promotion studies, and studies of known metabolites.

5. Other Relevant Data

This section discusses the available, relevant mechanistic and other
scientific information that would be needed to understand the tox-
icity and potential carcinogenicity of the candidate substance and
that would be useful for evaluating the carcinogenic potential of the
substance in people. For a specific substance, it may include infor-
mation on (1) absorption, distribution, excretion and metabolism,
(2) genetic damage and related effects, (3) mechanistic studies and
considerations, (4) toxicity, and (5) the carcinogenicity and mutagen-
icity of structural analogues.

When the initial draft is completed, the NTP posts the draft back-
ground document on the RoC Web site. Availability of the draft back-
ground document is announced on the NTP listserv and in other
NTP publications. Draft background documents are also available
on compact disks or in hardcopy upon request (see Contact Infor-
mation, below).

Expert Panel Meeting

The NTP convenes an expert panel for each candidate substance.
The NTP publishes a Federal Register notice at least 60 days prior

to the expert panel meeting announcing the meeting and availabil-
ity of the draft background document. The public is invited to at-
tend this meeting and provide oral and/or written comments on the

draft background document. The public may also provide opinion

on the listing status for the candidate substance. All comments re-
ceived within this time period become part of the public record that

will be reviewed by the expert panel and are posted on the RoC Web

site. The expert panel is first charged to peer review the background

document. Once the peer review is complete, the NTP asks the ex-
pert panel (1) to apply the RoC listing criteria to the relevant scien-
tific evidence and make a recommendation regarding the listing status

for the candidate substance and (2) to provide the scientific justifi-
cation for that recommendation. The expert panel will also submit a

report that contains (1) its peer review comments on the draft back-
ground document and (2) its recommendation for listing in the RoC

and the scientific justification for that recommendation. The NTP

will post the expert panel’s report on the RoC Web site and publish

a Federal Register notice inviting comment on the expert panel’s rec-
ommendation for listing status and the scientific justification for that

recommendation. The NTP will also prepare a response to the ex-
pert panel’s peer review comments on the draft background docu-
ment that will be made available to the public on the RoC Web site

upon release of the RoC.

Following the expert panel meeting, NTP staff reviews and con-
siders the expert panel’s peer review comments and any public com-
ments as it finalizes the background document on the candidate
substance. The final version of the background document is then
posted on the RoC Web site. Availability of the final background
document and the expert panel report is announced through the
NTP listserv.

Internal Reviews by the Government

Following the expert panel meeting, the NTP goes through a number
of reviews that are internal to the government to develop an initial
listing status for each candidate substance to the RoC. The internal
review process is closed to the public and consists of separate meet-
ings of two groups: (1) an interagency scientific review group (ISRG)

Report on Carcinogens, Twelfth Edition
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and (2) the NIEHS/N TP scientific review group (NSRG). Both groups

are provided with all relevant information (including the background

document, the expert panel report, and any public comments re-
ceived to date) on the candidate substances and asked to apply the

listing criteria to this information and make a recommendation on

the listing status of the candidate substance.

Peer Review of Draft Substance Profiles

Taking into consideration the listing recommendations of the ex-
pert panel, the NSRG, and the ISRG, and the public comments, the

NTP prepares a draft substance profile! with a listing recommenda-
tion for each candidate substance. Once the draft substance profile

is developed, the NTP convenes a meeting of the BSC to peer re-
view the draft substance profiles for candidate substances to the RoC.
The NTP publishes a Federal Register notice at least 60 days prior to

the BSC meeting announcing the meeting and the availability of the

draft substance profiles. The public is invited to attend this meeting

and provide oral and/or written comments on the draft substance

profiles. All comments received within this time period become part

of the public record for review by the BSC and posted on the RoC

Web site. The NTP makes available to the BSC all relevant informa-
tion. The BSC is charged to determine whether the scientific infor-
mation cited in the draft substance profile for a candidate substance

is technically correct, clearly stated and supports the NTP’s policy
decision regarding its listing in the RoC. The BSC is not asked to re-
view the NTP’s decision regarding listing status. The BSC prepares

and submits a peer review report to the NTP that describes the na-
ture and scope of its findings and conclusions concerning the NTP’s

draft substance profiles.

Preparation of Draft RoC and Transmittal

The NTP responds to the peer review report and drafts the next edi-
tion of the RoC. The draft RoC is submitted to the NTP Director for
review. The Director distributes the draft RoC to the NTP Execu-
tive Committee for consultation, review, and comment. Following
approval of the draft RoC by the Director, a final draft of the RoC is
prepared and submitted to the Secretary, HHS for review and ap-
proval. Upon approval of the RoC, the Secretary transmits it to the
U.S. Congress, and the report is published and disseminated to the
public. The NTP publishes a notice in the Federal Register and NTP
publications that announces availability of the report and identifies
the listing outcome for each candidate substance that underwent for-
mal review for the RoC. At this time, the NTP posts the BSC’s peer
review report, the NTP’s response to that report, and the NTP’s re-
sponse to the expert panel peer review comments on the draft back-
ground documents on the RoC Web site, In addition, for the Twvelfth
Report on Carcinogens, the NTP will prepare a response to public
comments received on candidate substances since issuance of the
expert panel report” and will post the response on the RoC Web site.
The NTP makes the latest edition of the RoC available electroni-
cally on the NTP RoC Web site (http://ntp.niehs.nih.gov and select
“Report on Carcinogens”), on compact disk, and in printed form. For
information on how to request a printed or electronic copy, contact
Dr. Ruth M. Lunn.

"The RoC contains substance profiles for each candidate substance. Full substance pro-
files are developed for substances known or reasonably anticipated to be human carcin-
ogens and contain the listing status, summarize the scientific information that supports
the recommendation, and provide information on use, exposure and production. Lim-
ited substance profiles are developed for candidate substances not listed in or delisted
from the RoC, which vary in content on a case-by-case basis.

*The N'TP’s preparation of a response to public comments will be done on a trial basis
for the Twelfth Report on Carcinogens. The NTP will assess the merit of responding to
public comments following completion of the Twelfth Report on Carcinogens and deter-
mine whether any change is needed in the review process with regard to this practice.
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Contact Information

Dr. Ruth M. Lunn

Director, Report on Carcinogens Center

National Toxicology Program

Mailing Address: MD K2-14, P.O. Box 12233, Research Triangle Park,
NC 27709

Courier Address: 530 Davis Drive, Room 2006, Morrisville, NC 27560
Telephone: (919) 316-4637, Fax: (919) 541-0144

Email: lunn@niehs.nih.gov

NTP Listserv

The N'TP listserv is an e-mail distribution list used to disseminate in-
formation on NTP activities. To subscribe, visit http://ntp.niehs.nih.
gov and select “Contact Us/”

Report on Carcinogens, Twelfth Edition
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Substances Listed in the
Twelfth Report on Carcinogens

Listing Status

Substance Profiles

Glossary

Acronyms and Abbreviations

Units of Measurement
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Substances Listed in the Twelfth Report on Carcinogens Listing Status
Substances Listed in the Twelfth Report on Carcinogens
Bold entries indicate new or changed listings in the Twelfth Report on Carcinogens.

Known To Be Human Carcinogens

Aflatoxins 32
Alcoholic Beverage Consumption 34
4-Aminobiphenyl 38
Analgesic Mixtures Containing Phenacetin (see Phenacetin and Analgesic Mixtures Containing Phenacetin).......... 340
Aristolochic Acids 45
Arsenic and Inorganic Arsenic Compounds 50
Asbestos 53
Azathioprine 57
Benzene 60
Benzidine (see Benzidine and Dyes Metabolized to Benzidine) 62
Beryllium and Beryllium Compounds 67
Bis(chloromethyl) Ether and Technical-Grade Chloromethyl Methyl Ether 71
1,3-Butadiene 75
Cadmium and Cadmium Compounds 80
Chlorambucil 90
1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-1-nitroscurea (see Nitrosourea Chemotherapeutic AGents) ......omereene. 327
Chromium Hexavalent Compounds 106
Coal Tars and Coal-Tar Pitches 111
Coke-Oven Emissions 120
Cyclophosphamide 124
Cyclosporin A 125
Diethylstilbestrol 159
Dyes Metabolized to Benzidine (Benzidine Dye Class) (see Benzidine and Dyes Metabolized to Benzidine) ................ 64
Ericonite 183
Estrogens, Steroidal 184
Ethylene Oxide 188
Formaldehyde 195
Hepatitis B Virus 216
Hepatitis C Virus 218
Human Papillomaviruses: Some Genital-Mucosal Types 231
Melphalan 258
Methoxsalen with Ultraviolet A Therapy 259
Mineral Oils: Untreated and Mildly Treated 271
Mustard Gas 275
2-Naphthylamine 278
Neutrons (see lonizing Radiation) 240
Nickel Compounds (see Nickel Compounds and Metallic Nickel) 280
Radon (see lonizing Radiation) 242
Silica, Crystalline (Respirable Size) 377
Solar Radiation (see Ultraviolet Radiation Related Exposures) 429
Soots 379
Strong Inorganic Acid Mists Containing Sulfuric Acid 380
Sunlamps or Sunbeds, Exposure to (see Ultraviolet Radiation Related Exposures) 429
Tamoxifen 393
2,3,7 8-Tetrachlorodibenzo-p-dioxin 396
Thiotepa 406
Thorium Dioxide (see lonizing Radiation) 243
Tobacco Smoke, Environmental (see Tobacco-Related Exposures) 410
Report on Carcinogens, Twelfth Edition 15
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Listing Status

16

Substances Listed in the Twelfth Report on Carcinogens

Tobacco Smoking (see Tobacco-Related Exposures) 408
Tobacco, Smokeless (see Tobacco-Related Exposures) 412
Ultraviolet Radiation, Broad-Spectrum (see Ultraviolet Radiation Related Exposures) 430
Vinyl Chloride (see Vinyl Halides [selected]) 438
Wood Dust 442
X-Radiation and Gamma Radiation (see lonizing Radiation) 237
Reasonably Anticipated To Be Human Carcinogens

Acetaldehyde 21
2-Acetylaminofluorene 24
Acrylamide 25
Acrylonitrile 28
Adriamycin 29
2-Amincanthraquinone 36
o-Aminoazotoluene 37
1-Amino-2 4-dibromoanthraquinone 39
2-Amino-3 4-dimethylimidazo[4,5-flquinoline (see Heterocyclic Amines [Selected]) 220
2-Amino-3 8-dimethylimidazo[4,5-flquinoxaline (see Heterocyclic Amines [Selected]) 221
1-Amino-2-methylanthraquinone 41
2-Amino-3-methylimidazo[4,5-flquinoline (see Heterocyclic Amines [Selected]) 221
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (see Heterocyclic Amines [Selected]) 222
Amitrole 42
o-Anisidine and Its Hydrochloride 43
Azacitidine 56
Basic Red 9 Monohydrochloride 59
Benzl[alanthracene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 353
Benzo[b]fluoranthene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 353
Benzo[jlfluoranthene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 353
Benzol[kIfluoranthene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 353
Benzolalpyrene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 353
Benzotrichloride 66
2,2-Bis(bromomethyl)-1,3-propanediol (Technical Grade) 70
Bis(chloroethyl) Nitrosourea (see Nitrosourea Chemotherapeutic Agents) 325
Bromodichloromethane 73
1,4-Butanediol Dimethanesulfonate 77
Butylated Hydroxyanisole 78
Captafol 83
Carbon Tetrachloride 86
Ceramic Fibers (Respirable Size) 89
Chloramphenicol 92
Chlorendic Acid 94
Chlorinated Paraffins (C,,, 60% Chlorine) 95
Chloroform 97
1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (see Nitrosourea Chemotherapeutic Agents) 326
3-Chloro-2-methylpropene 100
4-Chloro-o-phenylenediamine 101
Chloroprene 102
p-Chloro-o-toluidine and Its Hydrochloride 104
Chlorozotocin (see Nitrosourea Chemotherapeutic Agents) 328
Cisplatin 110
Cobalt Sulfate 113
Cobalt-Tungsten Carbide: Powders and Hard Metals 115
p-Cresidine 122
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Substances Listed in the Twelfth Report on Carcinogens Listing Status

Cupferron 123
Dacarbazine 127
Danthron 128
2,4-Diaminoanisole Sulfate 130
2,4-Diaminotoluene 131
Diazoaminobenzene 132
Dibenz[g, hlacridine (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 353
Dibenz{a lacridine (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
Dibenz{a hlanthracene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
7H-Dibenzolc glcarbazole (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
Dibenzolg,elpyrene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
Dibenzolg, hlpyrene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
Dibenzolg,ilpyrene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
Dibenzolg,flpyrene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
1,2-Dibromo-3-chloropropane 134
1,2-Dibromoethane 135
2,3-Dibromo-1-propanol 138
1,4-Dichlorobenzene 139
3,3'-Dichlorobenzidine and Its Dihydrochloride 141
Dichlorodiphenyltrichloroethane 143
1,2-Dichloroethane 145
Dichloromethane 148
1,3-Dichloropropene (Technical Grade) 150
Diepoxybutane 152
Diesel Exhaust Particulates 153
Di(2-ethylhexyl) Phthalate 156
Diethyl Sulfate 161
Diglycidyl Resorcinol Ether 163
3,3"-Dimethoxybenzidine (see 3,3’-Dimethoxybenzidine and Dyes Metabolized to 3,3"-Dimethoxybenzidine) ....... 164
4-Dimethylaminoazobenzene 167
3,3"-Dimethylbenzidine (see 3,3"-Dimethylbenzidine and Dyes Metabolized to 3,3'-Dimethylbenzidine) ............... 168
Dimethylcarbamoyl Chloride 171
1,1-Dimethylhydrazine 172
Dimethyl Sulfate 174
Dimethylvinyl Chloride 175
1,6-Dinitropyrene (see Nitroarenes [Selected]) 287
1,8-Dinitropyrene (see Nitroarenes [Selected]) 289
1,4-Dioxane 176
Disperse Blue 1 178
Dyes Metabolized to 3,3"-Dimethoxybenzidine (3,3’-Dimethoxybenzidine Dye Class)

(see 3,3'-Dimethoxybenzidine and Dyes Metabolized to 3,3’-Dimethoxybenzidine) 165
Dyes Metabolized to 3,3"-Dimethylbenzidine (3,3'-Dimethylbenzidine Dye Class)

(see 3,3'-Dimethylbenzidine and Dyes Metabolized to 3,3'-Dimethylbenzidine) 170
Epichlorohydrin 180
Ethylene Thiourea 191
Ethyl Methanesulfonate 194
Furan 205
Glass Wool Fibers (Inhalable), Certain 207
Glycidol 215
Hexachlorobenzene 224
Hexachloroethane 227
Hexamethylphosphoramide 229
Hydrazine and Hydrazine Sulfate 234
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Listing Status Substances Listed in the Twelfth Report on Carcinogens
Hydrazobenzene 236
Indenol1,2,3-cdlpyrene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
Iron Dextran Complex 246
Isoprene 247
Kepone 250
Lead and Lead Compounds 251
Lindane, Hexachlorocyclohexane (Technical Grade), and Other Hexachlorocyclohexane Isomers ... 256
2-Methylaziridine 261
5-Methylchrysene (see Polycyclic Aromatic Hydrocarbons: 15 Listings) 354
4,4'-Methylenebis(2-chloroaniline) 262
4,4'-Methylenebis(N,N-dimethyl)benzenamine 264
4,4'-Methylenedianiline and Its Dihydrochloride 265
Methyleugenol 267
Methyl Methanesulfonate 268
N-Methyl-N'-Nitro-N-Nitrosoguanidine (see N-Nitrosamines: 15 Listings) 302
Metronidazole 269
Michler’s Ketone 270
Mirex 273
Naphthalene 276
Nickel, Metallic (see Nickel Compounds and Metallic Nickel) 280
Nitrilotriacetic Acid 284
o-Nitroanisole 285
Nitrobenzene 294
6-Nitrochrysene (see Nitroarenes [Selected]) 290
Nitrofen 296
Nitrogen Mustard Hydrochloride 297
Nitromethane 299
2-Nitropropane 300
1-Nitropyrene (see Nitroarenes [Selected]) 292
4-Nitropyrene (see Nitroarenes [Selected]) 293
N-Nitrosodi-n-butylamine (see N-Nitrosamines: 15 Listings) 303
N-Nitrosodiethanolamine (see N-Nitrosamines: 15 Listings) 304
N-Nitrosodiethylamine (see N-Nitrosamines: 15 Listings) 306
N-Nitrosodimethylamine (see N-Nitrosamines: 15 Listings) 308
N-Nitrosodi-n-propylamine (see N-Nitrosamines: 15 Listings) 310
N-Nitroso-N-ethylurea (see N-Nitrosamines: 15 Listings) 312
4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone (see N-Nitrosamines: 15 Listings) 314
N-Nitroso-N-methylurea (see N-Nitrosamines: 15 Listings) 316
N-Nitrosomethylvinylamine (see N-Nitrosamines: 15 Listings) 318
N-Nitrosomorpholine (see N-Nitrosamines: 15 Listings) 319
N-Nitrosonornicotine (see N-Nitrosamines: 15 Listings) 320
N-Nitrosopiperidine (see N-Nitrosamines: 15 Listings) 321
N-Nitrosopyrrolidine (see N-Nitrosamines: 15 Listings) 323
N-Nitrososarcosine (see N-Nitrosamines: 15 Listings) 324
o-Nitrotoluene 331
Norethisterone 333
Ochratoxin A 335
4,4'-Oxydianiline 337
Oxymetholone 338
Phenacetin (see Phenacetin and Analgesic Mixtures Containing Phenacetin) 340
Phenazopyridine Hydrochloride 341
Phenolphthalein 342
Phenoxybenzamine Hydrochloride 344
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Substances Listed in the Twelfth Report on Carcinogens Listing Status

Phenytoin and Phenytoin Sodium 345
Polybrominated Biphenyls 347
Polychlorinated Biphenyls 349
Procarbazine and Its Hydrochloride 361
Progesterone 362
1,3-Propane Sultone 364
B-Propiolactone 366
Propylene Oxide 367
Propylthiouracil 369
Reserpine 370
Riddelliine 372
Safrole 374
Selenium Sulfide 376
Streptozotocin (see Nitrosourea Chemotherapeutic Agents) 329
Styrene 383
Styrene-7 8-oxide 391
Sulfallate 392
Tetrachloroethylene 398
Tetrafluoroethylene 401
Tetranitromethane 402
Thicacetamide 403
4,4'-Thiodianiline 404
Thiourea 407
Toluene Diisocyanates 414
o-Toluidine and Its Hydrochloride 416
Toxaphene 418
Trichloroethylene 420
2,4 ,6-Trichlorophenol 424
1,2,3-Trichloropropane 426
Tris(2,3-dibromopropyl) Phosphate 428
Ultraviolet Radiation A (see Ultraviolet Radiation Related Exposures) 430
Ultraviolet Radiation B (see Ultraviolet Radiation Related Exposures) 430
Ultraviolet Radiation C (see Ultraviolet Radiation Related Exposures) 430
Urethane 434
Vinyl Bromide (see Vinyl Halides [Selected]) 437
4-Vinyl-1-cyclohexene Diepoxide 436
Vinyl Fluoride (see Vinyl Halides [Selected]) 441
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Substance Profiles

Acetaldehyde
CAS No. 75-07-0

Reasonably anticipated to be a human carcinogen
First listed in the Sixth Annual Report on Carcinogens (1991)

Also known as ethanal

Carcinogenicity
Acetaldehyde is reasonably anticipated to be a human carcinogen

based on sufficient evidence of carcinogenicity from studies in ex-
perimental animals.

Cancer Studies in Experimental Animals

Exposure to acetaldehyde by inhalation caused tumors in two ro-
dent species and at two different tissue sites. In rats of both sexes, it
caused cancer of the nasal mucosa (squamous-cell carcinoma and
adenocarcinoma), and in hamsters of both sexes, it caused cancer
of the larynx (carcinoma) (IARC 1985, 1987). Inhalation of acetal-
dehyde also promoted the induction of respiratory-tract tumors by
intratracheal instillation of the known carcinogen benzo[a]pyrene
in hamsters of both sexes.

Since acetaldehyde was listed in the Sixth Annual Report on Car-
cinogens, an additional study in rats has been identified. Administra-
tion of acetaldehyde in drinking water increased the incidences of
hemolymphoreticular cancer (leukemia and lymphoma combined),
benign tumors of the pancreas (islet-cell adenoma), and cancer of the
bone (osteosarcoma) and nasal cavity (carcinoma) in males and be-
nign mammary-gland tumors (fibroma or fibroadenoma) in females
(Soffritti et al. 2002). Increased incidences of tumors observed at other
sites occurred only at one of the lower doses tested.

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to acetaldehyde. A survey of workers producing acetaldehyde
and other aldehydes in Germany reported 9 cases of cancer, includ-
ing 5 of lung cancer and 2 of oral-cavity cancer, among an unspec-
ified number of workers; these incidences reportedly were higher
than expected, but the observations were confounded by the fact that
all cases of cancer occurred in tobacco smokers (IARC 1985, 1987).
Since acetaldehyde was listed in the Sixth Annual Report on Car-
cinogens, additional epidemiological studies have been identified, pri-
marily case-control studies of populations exposed to acetaldehyde
(the main initial metabolite of alcohol) following consumption of al-
coholic beverages. Alcoholic beverage consumption is listed in the
Report on Carcinogens as known to be a human carcinogen. In its
1999 review, the International Agency for Research on Cancer noted
that three small case-control studies found increased risks of alcohol-
related cancer (of the oral cavity, pharynx, larynx, and esophagus)
among individuals with genetic variations (polymorphisms) that re-
sult in increased levels of acetaldehyde after alcohol consumption.
However, IARC concluded that the data available were inadequate
to evaluate the carcinogenicity of acetaldehyde (IARC 1999). Since
then, a number of review articles and meta-analyses have summa-
rized the results of subsequent studies that found dose-response rela-
tionships between alcohol consumption and cancer of the oral cavity,
pharynx, larynx, and esophagus, and possibly the stomach and col-
orectum, among individuals with genetic polymorphisms that in-
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crease blood or salivary levels of acetaldehyde (Bagnardi et al. 2001,
Zeka et al. 2003, Boffetta and Hashibe 2006, Baan ef al. 2007, Boccia
et al. 2009, Salaspuro 2009). In 2009, IARC concluded that acetalde-
hyde associated with alcohol consumption was carcinogenic to hu-
mans (Secretan et al. 2009). Few studies have been conducted on the
association of these polymorphisms with cancer at other tissue sites,
and the role of acetaldehyde in pancreatic, liver, bladder, or breast
cancer is not clear (van Dijk et al. 2001, Terry et al. 2006, Seitz and
Becker 2007, Visavanathan et al. 2007, Druesne-Pecollo et al. 2009).

Studies on Mechanisms of Carcinogenesis

Alcohol is metabolized to acetaldehyde by alcohol dehydrogenases
(ADH), and acetaldehyde is metabolized to acetic acid by aldehyde de-
hydrogenases (ALDH). In some individuals, genetic polymorphisms
in these enzymes can result in either higher rates of acetaldehyde
production from alcohol or lower rates of acetaldehyde metabolism
to acetic acid, resulting in higher blood acetaldehyde levels after a
given level of alcohol intake than in individuals without these poly-
morphisms. Five ADH genes have been identified in humans, two of
which have been shown to be polymorphic. The variant allele of the
ALDH?2 gene, which is prevalent in Asians, encodes an enzyme that
has almost no ability to detoxify acetaldehyde (IARC 1999).

Properties

Acetaldehyde is an aliphatic aldehyde that exists at room temperature
as a colorless gas with a fruity, pungent odor. It is miscible with water,
ether, benzene, gasoline, solvent naphtha, toluene, xylene, turpentine,
and acetone. It is very flammable and is unstable in air (Akron 2009,
HSDB 2009). Physical and chemical properties of acetaldehyde are
listed in the following table.

Property Information
Molecular weight 44.0°

Specific gravity 0.79 at 16°C/4°C*
Melting point -124°C*

Boiling point 21°C?

Log K, -0.34°

Water solubility 1,000 g/L at 25°C*
Vapor pressure 902 mm Hg at 25°C?
Vapor density relative to air 1.5°

Dissociation constant (pK,) 13.6 at 25°C°

Sources: “HSDB 2009, *ChemiDplus 2009.

Use

Acetaldehyde is used primarily as a chemical intermediate in the pro-
duction of acetic acid, pyridine and pyridine bases, peracetic acid,
pentaerythritol, butylene glycol, and chloral. It is also used in the
synthesis of crotonaldehyde, flavor and fragrance acetals, acetalde-
hyde 1,1-dimethylhydrazone, acetaldehyde cyanohydrin, acetalde-
hyde oxime, various acetic acid esters, paraldehyde, metaldehyde (a
molluscicide widely used to kill slugs and snails), polymers, and var-
ious halogenated derivatives (IARC 1985, 1999). Acetaldehyde has
been used in the manufacture of aniline dyes, plastics, and synthetic
rubber, to silver mirrors, and to harden gelatin fibers. It has also been
used in the production of polyvinyl acetal resins, in fuel compositions,
to inhibit mold growth on leather, and in the manufacture of disin-
fectants, pesticides, drugs, explosives, lacquers and varnishes, photo-
graphic chemicals, phenolic and urea resins, and rubber accelerators
and antioxidants (EPA 1994),

Acetaldehyde is considered by the U.S. Food and Drug Adminis-
tration to be generally recognized as safe for use as a flavoring agent
and adjuvant (Furia and Bellanca 1975, HSDB 2009). It is an important
component of food flavorings and is added to milk products, baked
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goods, fruit juices, candy, desserts, and soft drinks; it is especially
useful for imparting orange, apple, and butter flavors. The concentra-
tion of acetaldehyde in food generally is up to 0.047%. In 1976, about
8,600 kg (19,000 Ib) of acetaldehyde was used as food additives. Acet-
aldehyde is also used in the manufacture of vinegar and as a fruit and
fish preservative. It is approved for use in phenolic resins in molded
containers for contact with non-acidic foods. Acetaldehyde is no lon-
ger registered as an active ingredient in any pesticide. When it was
used as a fumigant for storage of apples and strawberries, it was ex-
empted from a residue tolerance (IARC 1985, EPA 1994, HSDB 2009).

Production

Acetaldehyde was first produced commercially in 1916 (IARC 1985).
U.S. production was 63.5 million kilograms (140 million pounds) in
1940 and 408 million kilograms (899 million pounds) in 1960. Pro-
duction peaked in 1969 at 748 million kilograms (1.65 billion pounds),
decreasing to 281 million kilograms (619 million pounds) in 1982. In
2009, acetaldehyde was produced by 50 manufacturers worldwide
(17 in China, 12 in India, 6 in East Asia, 5 in Europe, 5 in Central
and South America, 2 in Mexico, 2 in the Middle East, and 1 in the
United States) (SRI 2009) and was available from 49 suppliers, in-
cluding 21 U.S. suppliers (ChemSources 2009). U.S. imports of ac-
etaldehyde increased from 1,000 kg (2,200 Ib) in 1989 to 414,000 kg
(913,000 1b) in 2006 (USITC 2009). U.S. exports of acetaldehyde were
19 million kilograms (42.6 million pounds) in 1989, decreasing to 1.6
million kilograms (3.5 million pounds) in 2003 and remaining near
this level from 2004 through 2008 (USITC 2009). Reports filed under
the U.S. Environmental Protection Agency’s Toxic Substances Con-
trol Act Inventory Update Rule indicated that U.S. production plus
imports of acetaldehyde totaled 500 million to 1 billion pounds in
1986 and 1990 and 100 million to 500 million pounds in 1994, 1998,
and 2002 (EPA 2004).

Exposure

There is high potential for exposure of the general population to ac-
etaldehyde through ingestion, inhalation, and dermal contact and of
workers through inhalation and dermal contact. The main source of
exposure of the general population is through consumption of alco-
holic beverages and the subsequent metabolism of alcohol to form
acetaldehyde (HSDB 2009). Because acetaldehyde may form in wine
and other alcoholic beverages after exposure to air (Hagemeyer 2002),
alcoholic beverages (including wines, beer, and spirits) also frequently
contain acetaldehyde as a volatile component (HSDB 2009).
Acetaldehyde is a product of most hydrocarbon oxidation reac-
tions and is a normal intermediate in the respiration of most higher
plants. It is found in trace amounts in many plant products, includ-
ing apples, brocceoli, coffee, grapefruit, grapes, lemons, mushrooms,
onions, oranges, peaches, nectarines, pears, pineapples, raspberries,
strawberries, cranberries, sour cherries, and mango. It has been de-
tected in the essential oils of alfalfa, rosemary, balm, clary sage, daf-
fodil, bitter orange, camphor, angelica, fennel, mustard, peppermint,
and lychee, and in oak and tobacco leaves and cotton leaves and blos-
soms (IARC 1985, Burdon et al. 1996, Gorny et al. 1999, Gunes et al.
2002, Bonerz et al. 2007, Mahattanatawee et al. 2007). Acetaldehyde
has also been detected in breast milk. Consumers may be exposed
to acetaldehyde in many milk products, including all types of cheese,
vogurt, and milk of varying fat content (Mistry and Hassan 1992, Bar-
bieri et al. 1994, Jandal 1996, Beshkova ef al. 1998, Van Aardt ef 4l.
2001, Kondyli et al. 2002, Boscaini et al. 2003, Di Cagno et al. 2004,
Fernandez-Garcia et al. 2004, Blagden and Gilliland 2005, Gadaga et
al. 2007, Kaminarides et al. 2007). Acetaldehyde has also been de-
tected in cooked beef, chicken, and fish (HSDB 2009, Yasuhara and
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Shibamoto 1995) and is used as a synthetic flavoring ingredient in
processed foods, especially margarine (HSDB 2009).

According to EPA’s Toxics Release Inventory, environmental re-
leases of acetaldehyde have increased slightly since 1988, when 9.5
million pounds was released, 73% to air, 23% to underground injec-
tion wells, and the remainder to surface water and landfills. Since
then, releases to underground injection wells have decreased, and re-
leases to surface water have increased. In 2007, 11.4 million pounds
of acetaldehyde was released from 336 facilities that processed, pro-
duced, or used the chemical; 29 facilities each released more than
100,000 Ib. Of the total amount, 94% was released to air, 3.1% to un-
derground injection wells, and 2.8% to water (TRI 2009). Acetalde-
hyde will volatilize rapidly from water or land, and it will leach into
the ground, where it will biodegrade (HSDB 2009). Acetaldehyde is
also degraded readily in soil, sewage, and natural waters by micro-
organisms (EPA 1987).

Acetaldehyde is a natural product of photooxidation of hydro-
carbons commonly found in the atmosphere and occurs naturally
as emissions from forest fires, volcanoes, and animal wastes. In
the 1990s, annual emissions of acetaldehyde from all sources in the
United States were estimated at 12.1 million kilograms (27 million
pounds) (IPCS 1995). Burning wood produces acetaldehyde at ap-
proximately 0.7 g/kg of wood, and fireplace emissions range from
0.083 to 0.20 g/kg of wood burned (HSDB 2009). In the 1990s, an-
nual emissions from residential burning in the United States were
estimated at 5,000 metric tons (11 million pounds) (IPCS 1995). Ac-
etaldehyde is also a combustion product of some plastics (e.g., poly-
carbonate) and some hard and soft polyurethane foams. It also occurs
in gasoline exhaust (1.4 to 8.8 mg/m?) and diesel exhaust (0.05 to
6.4 mg/m®); however, very little is emitted from small engines such
as lawn mowers or leaf blowers (IARC 1985, Baldauf et al. 2006).

Many individuals are exposed to acetaldehyde by inhalation. The
highest ambient-air concentrations of acetaldehyde were reported for
urban or suburban areas or near sources of combustion (HSDB 2009).
In ambient air, concentrations of acetaldehyde generally averaged
5 pg/m>. Indoor air concentrations were higher than ambient concen-
trations in all locations where acetaldehyde air concentrations were
measured, both in the United States and in other countries (Miguel
et al. 1995, Mukund er al. 1996, Brickus et al. 1998, MacIntosh et
al. 2000, Possanzini et al. 2002, Baez et al. 2003, Hellen et al. 2004,
Hodgson et al. 2004, Park and Ikeda 2004, Saijo et al. 2004, Sax et al.
2004, Shendell et al. 2004, Gilbert et al. 2005, Cavalcante et ai. 2006,
Ohura et al. 2006, Pang and Mu 2006, Sax et al. 2006, Hodgson et al.
2007, Possanzini et al. 2007). Acetaldehyde is also found in tobacco
and marijuana cigarette smoke (1,220 g per cigarette) and tobacco
cigarettes (980 to 1,370 g per cigarette).

In 1988-89, acetaldehyde was detected in 4 of 10 surveyed water
supplies (EPA 1987). In surface water, concentrations generally are
less than 0.1 pg/L, and the contribution from drinking water to hu-
man exposure is considered negligible (IPCS 1995).

The National Occupational Exposure Survey (conducted from 1981
to 1983) estimated that 216,533 workers, including 97,770 women,
potentially were exposed to acetaldehyde (NIOSH 1990). Workers
potentially exposed include those involved in the manufacture or
use of industrial organic chemicals, dyes, fabricated rubber, plas-
tics, urea-formaldehyde foam insulation, fuels, drugs, explosives, var-
nishes, pesticides, food additives, leather goods, and mirrors (IARC
1985, EPA 1994).

Regulations

Coast Guard, Department of Homeland Security
Minimum requirements have been established for safe transport of acetaldehyde on ships and barges.
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Department of Transportation (DOT)

Acetaldehyde is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EFA)

Clean Air Act

Mobile Source Air Toxics: Listed as a mobile source air toxic for which regulations are to be developed.

National Emissions Standards for Hazardous Alr Polfutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture of acetaldehyde is subject to certain provisions for the
control of volatile organic compound emissions.

Prevention of Accidental Release: Threshold quantity (TQ) = 10,000 Ib.

Urban Air Toxics Strategy: |dentified as one of 33 hazardous air pollutants that present the greatest
threat to public health in urban areas.

Clean Water Act

Designated a hazardous substance.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 1,000 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the fisting is based wholly or partly on the presence of
acetaldehyde = U001,

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies O0SHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit (PEL) = 200 ppm (360 mg/mg)‘

Considered a highly hazardous chemical: Threshold quantity (TQ) = 2,500 Ib.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value - ceiling {TLY-C) = 25 ppm.
National Institute for Occupational Safety and Health (NIOSH)

Immediately dangerous to life and health (IDLH) limit = 2,000 ppm.
Listed as a potential occupational carcinogen.
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2-Acetylaminofluorene
CAS No. 53-96-3

Reasonably anticipated to be a human carcinogen
First listed in the Second Annual Report on Carcinogens (1981)

Also known as 2-acetamidofluorene, N-2-fluorenylacetamide, or
N-fluoren-2-yl-acetamide

CH
/3
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Carcinogenicity
2-Acetylaminofluorene is reasonably anticipated to be a human car-

cinogen based on sufficient evidence of carcinogenicity from studies
in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to 2-acetylaminofluorene caused tumors at several
different tissue sites in mice and rats. Dietary administration of
2-acetylaminofluorene caused cancer of the liver (hepatocellular car-
cinoma) and urinary bladder (transitional-cell carcinoma) in female
mice (Staffa and Mehlman 1980) and in rats of both sexes (Wilson
et al. 1941). In rats, it also caused skin cancer (carcinoma, possibly
arising from the auditory canal).

Since 2-acetylaminofluorene was listed in the Second Annual
Report on Carcinogens, additional studies in experimental ani-
mals have been identified. In female mice, dietary administration
of 2-acetylaminofluorene caused mammary-gland cancer (adeno-
carcinoma), as well as urinary-bladder cancer (transitional-cell car-
cinoma) (Greenman et al. 1987). In rats, dietary administration of
2-acetylaminofluorene caused liver cancer (hepatocellular carci-
noma or cholangiocarcinoma) in both sexes, mammary-gland cancer
(adenocarcinoma) in females, and tumors of the testes (mesotheli-
oma of the tunica vaginalis) and Zymbal gland in males (Weisburger
et al. 1981, Cabral and Neal 1983). A single subcutaneous injection
of 2-acetylaminofluorene caused liver tumors (hepatocellular tumors)
in newborn male mice (Fujii 1991). Liver tumors were also observed
following dietary administration of 2-acetylaminofluorene to male
dogs (Allison et al. 1950) and to fish of both sexes (hepatocellular
tumors or cholangiocarcinoma) (Pliss and Khudoley 1975) and fol-
lowing addition of 2-acetylaminofluorene to the tank water of fish
of unspecified sex (hepatocellular adenoma or carcinoma) (James
et al, 1994). In hamsters of both sexes, intratracheal instillation of
2-acetylaminofluorene caused urinary-bladder cancer (transitional-
cell carcinoma) (Ovasu et al. 1973). Intraperitoneal injection of
2-acetylaminofluorene in newborn hamsters until weaning, followed
by dietary administration, caused cancer of the urinary bladder (car-
cinoma) and liver (cholangiocarcinoma) and benign stomach tumors
(squamous-~cell papilloma) (Oyasu et al. 1972, Matsumoto et al. 1976).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the re-
lationship between human cancer and exposure specifically to
2-acetylaminofluorene.

Properties

2-Acetylaminofluorene is an aromatic amine that occurs as a tan
crystalline powder at room temperature (Akron 2009). It is practi-
cally insoluble in water, but is soluble in glycols, alcohols, ether, acetic
acid, and fat solvents (HSDB 2009). 2-Acetylaminofluorene is stable
at normal temperatures and pressures, but when heated to decom-
position, it produces irritating or toxic gases (e.g., nitrogen oxides,
carbon monoxide, carbon dioxide, hydrogen fluoride) (Akron 2009).
Physical and chemical properties of 2-acetylaminofluorene are listed
in the following table.

Property Information

Molecular weight 223.3°

Density 1.27 g/cm?®

Melting point 194°C°

Boiling point 303°C°

Log K., 3.22°

Water solubility 144 mg/L at 25°C°

Vapor pressure 9.44 x 107 mm Hg at 25°C°

Sources: *HSDB 2009, ®PAkron 2009, “ChemiDplus 2009.
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Use

2-Acetylaminofluorene is used as a research tool, primarily as a pos-
itive control in studies of the carcinogenicity and mutagenicity of
other chemicals (HSDB 2009). 2-Acetylaminofluorene was intended
for use as a pesticide, but it was never marketed, because of its car-
cinogenicity in experimental animals.

Production

2-Acetylaminofluorene is not currently produced in commercial

quantities in the United States or anywhere else in the world (SRI

2009). One U.S. producer of 2-acetylaminofluorene was reported in

1977, but production volume was not reported (TSCA 1979). In 2009,
2-acetylaminofluorene was distributed by 17 specialty chemical com-
panies, including 11 in the United States (ChemSources 2009). These

distributors typically sell 2-acetylaminofluorene in small quantities,
and total estimated U.S. usage is low.

Exposure

The routes of potential human exposure to 2-acetylaminofluorene
are inhalation, ingestion, and dermal contact (HSDB 2009). Accord-
ing to the U.S. Environmental Protection Agency’s Toxics Release In-
ventory, environmental releases of 2-acetylaminofluorene increased
from 9,800 1b in 1998 to 81,000 1b in 2001, declined to a low of 255 Ib
in 2003, and have remained below 1,000 Ib since 2003. Most of the
releases were to hazardous-waste landfills. In 2007, one facility re-
leased about 500 lb of 2-acetylaminofluorene to a hazardous-waste
landfill and about 250 Ib to air (TRI 2009). The risk of occupational
exposure to 2-acetylaminofluorene is greatest for chemists, chemi-
cal stockroom workers, and biomedical researchers. The National
Occupational Exposure Survey {(conducted from 1981 to 1983) esti-
mated that 373 workers potentially were exposed to 2-acetylamino-
fluorene (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.
Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ) = 11b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
2-acetylaminofiuorene = U005.
Listed as a hazardous constituent of waste.

Mine Safety and Health Administration

To control airborne exposure, 2-acetylaminofluorene shall not be used or stored except by competent
persons under laboratory conditions approved by a nationally recognized agency acceptable to
the Secretary.

Occupational Safety and Health Administration (OSHA)

Potential occupational carcinogen: Engineering controls, work practices, and personal protective
equipment are required.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)
Listed as a potential occupational carcinogen.

References

Akron. 2009. The Chemical Database. The Department of Chemistry at the University of Akron. http://ull.
chemistry.uakron.edu/erd and search on CAS number. Last accessed: 5/09.

Allison JB, Wase AW, Leathem JH, Wainio WW. 1950. Some effects of 2-acetylaminofluorene on the dog.
Cancer Res 10(5). 266-271.

Report on Carcinogens, Twelfth Edition

Acrylamide

Cabral JR, Neal GE. 1983. Testicular mesotheliomas in rats exposed to N-2-fluorenylacetamide (FFA).
Tumori 69(3): 195-199.

ChemiDplus. 2009. ChemiDplus Advanced. National Library of Medicine. http://chem.sis.nim.nih.gov/
chemidplus/chemidheavy.jsp and search on CAS number. Last accessed: 2/19/09.

ChemSources. 2009. Chem Sources - Chemical Search. Chemical Sources International. http:/fwww.
chemsources.com/chemonline.html! and search on acetamidofluorene. Last accessed 2/19/09.

Fujii K. 1991. Evaluation of the newborn mouse model for chemical tumorigenesis. Carcinogenesis 12(8):
1409-1415.

Greenman DL, Boothe A, Kodell R. 1987. Age-dependent responses to 2-acetylaminoflucrene in BALB/c
female mice. J Toxico! Environ Health 22(2): 113-129.

HSDB. 2009. Hazardous Substances Data Bank. National Library of Medicine. http://toxnet.nim.nih.gov/
cgi-bin/sis/htmigen?HSDB and search on CAS number. Last accessed: 2/19/09.

James MO, Hawkins WE, Walker WW. 1994. Phase 1and phase 2 biotransformation and carcinogenicity
of 2-acetylaminofluorene in medaka and quppy. Aguatic Toxicology 28(1-2):79-95.

Matsumoto M, Hopp ML, Oyasu R. 1976. Effect of pair-feeding of carcinogen on the incidence of bladder
tumors in hamsters. Role of indole, age, and sex. Invest Urof 14(3): 206-209.

NIOSH. 1990. National Occupational Exposure Survey (1981-83). National Institute for Occupational Safety
and Health. Last updated 7/1/90. http://www.cdc.gov/noes/noes1/x6612sic.html.

Oyasu R, KitajimaT,Hopp ML, Sumie H. 1972. Enhancement of urinary bladder tumorigenesis in hamsters
by coadministration of 2-acetylaminofluorene and indole. Cancer Research 32(10): 2027-2033.

Oyasu R, Kitajima T, Hopp ML, Sumie H. 1973. Induction of bladder cancer in hamsters by repeated
intratracheal administrations of 2-acetylaminofluorene. S Natf Cancer Inst 50(2): 503-506.

Pliss GB, Khudoley YV, 1975. Tumor induction by carcinogenic agents in aquarium fish. J Nat! Cancer Inst
55(1):129-136.

SRI.2009. Directory of Chemical Producers. Menlo Park, CA: SRI Consulting. Database edition. Last accessed:
2/19/09.

Staffa JA, Mehiman MA. 1980. Innovations in cancer risk assessment (EDOT Study): Proceedings of a
symposium. J Environ Pathol Toxicol 3:1-246.

TRI. 2009. TRI Explorer Chemical Report. U.S. Environmental Protection Agency. http://www.epa.gov/
triexplorer and select 2-Acetylaminofluorene. Last accessed: 2/19/09.

TSCA.1979. TSCAnitial Inventory of Chemical Substances, Washington, DC: U.S. Environmental Protection
Agency.

Weisburger EK, Ulland BM, Nam J. 1981. Carcinogenicity tests of certain environmental and industrial
chemicals.  Nat! Cancer Inst 67(1). 75-88.

Wilson RH, DeEds F, Cox AJ Jr. 1941. The toxicity and carcinogenic activity of 2-acetylaminofluorene. Cancer
Res 1:595-608.

Acrylamide
CAS No. 79-06-1

Reasonably anticipated to be a human carcinogen
First listed in the Sixth Annual Report on Carcinogens (1991)
Also known as 2-propenamide

H

HQC¢C\” -
o)

NH,

Carcinogenicity
Acrylamide is reasonably anticipated to be a human carcinogen based

on sufficient evidence of carcinogenicity from studies in experimen-
tal animals.

Cancer Studies in Experimental Animals

Acrylamide caused tumors in two rodent species, at several different
tissue sites, and by several different routes of exposure. Administra-
tion of acrylamide in the drinking water caused benign thyroid-gland
tumors (follicular-cell adenoma) in rats of both sexes. In male rats, it
also caused tumors of the lining of the testes (mesothelioma of the
tunica albuginea) and benign adrenal-gland tumors (pheochromo-
cytoma). In female rats, it also caused cancer of the uterus (adeno-
carcinoma), benign and malignant tumors of the mammary gland
(adenoma and adenocarcinoma), and benign tumors of the pituitary
gland (adenoma), oral cavity (papilloma), and clitoral gland (ade-
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noma). In strain A/] mice (a strain with a high spontaneous incidence

of lung cancer), administration of acrylamide by stomach tube or by
intraperitoneal injection increased both the incidence of benign lung

tumors (adenoma) and number of tumors per animal in both sexes. In

initiation-promotion studies, acrylamide administered dermally, by
stomach tube, or by intraperitoneal injection followed by long-term

dermal exposure to the tumor promoter 12-O-tetradecanoylphorbol-
13-acetate induced benign and malignant skin tumors (squamous-cell

papilloma and carcinoma) in female mice (IARC 1986).

Cancer Studies in Humans

Most of the available epidemiological studies of cancer and exposure
to acrylamide have been published since acrylamide was listed in the
Sixth Annual Report on Carcinogens. In a study of a multi-plant co-
hort consisting mostly of male workers, the incidence of pancreatic
cancer was significantly higher among workers with the highest cu-
mulative exposure to acrylamide than in the U.S. population. Among
exposed workers, the incidence of pancreatic cancer was significantly
associated with duration of exposure and time since first exposure
(Marsh et al. 1999, Schulz et 4l. 2001). In a follow-up of this cohort,
the relative risk of pancreatic cancer increased with increasing dura-
tion of exposure after adjustment for smoking, but the trend was not
statistically significant, and no clear trends were observed for cumu-
lative or average exposure (Marsh et al. 2007). A small cohort study
of U.S. workers (mostly male) found statistically nonsignificant in-
creases in the risks for cancers of the digestive system, including pan-
creatic cancer (Sobel et al. 1986, Swaen et al. 2007).

Several population-based studies that investigated the associa-
tion between dietary intake of acrylamide and specific cancer out-
comes were reviewed by Hogervorst et al. (2010). Several prospective
cohort studies used case-cohort or nested case-control analyses to
evaluate dietary exposure to acrylamide (based on a food-frequency
questionnaire) and the risks of cancer at specific tissue sites; these in-
clude the Swedish Women's Lifestyle and Health Cohort, the Swedish
Mammography Cohort, the Netherlands Study on Diet and Cancer, a
cohort of Swedish men, the U.S. Nurses’ Health Study, and the Dan-
ish Diet, Cancer, and Health Study. In addition, several case-control
studies (most of which used food-frequency questionnaires) assessed
cancer and dietary exposure of Swedish, French, and U.S. popula-
tions to acrylamide. The tissue site studied most frequently was the
breast. These studies found no overall association between breast can-
cer and dietary exposure to acrylamide; however, some, but not all,
studies reported an association between acrylamide exposure and a
specific type of breast cancer (sex-hormone-receptor-positive can-
cer in post-menopausal women). The Danish study used acrylamide-
hemoglobin adducts to assess exposure; however, these adducts are
not source-specific, but reflect both dietary exposure and exposure
from other sources, such as smoking. Two of three prospective cohort
studies reported increased risks of endometrial and ovarian cancer,
but a case-control study found no increased risk of ovarian cancer.
Most of the studies evaluating prostate and colorectal cancer did not
find increased risks associated with dietary exposure to acrylamide.
Findings were mixed for cancer of the kidney, head, and neck, and
evaluation of cancer at other tissue sites was limited by the small
numbers of studies.

Properties

Acrylamide is an unsaturated amide that exists as a white, odorless
crystalline solid at room temperature. It is soluble in water, metha-
nol, ethanol, acetone, ethyl acetate, and chloroform, and insoluble in
benzene and heptane. Acrylamide is stable under normal conditions
but may decompose or polymerize when heated or exposed to ultra-
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violet light (Akron 2009). When heated to decomposition, acrylamide
emits acrid fumes and nitrogen oxides (HSDB 2009). Commercial
acrylamide monomer contains residual levels of acrylonitrile (1 to
100 mg/kg) (IARC 1986). Residual acrylamide monomer is present in
the polymer at approximately 0.01% (Fujiki et al. 1984, IARC 1986).
Physical and chemical properties of acrylamide are listed in the fol-
lowing table.

Property Information
Molecular weight 711

Specific gravity 1.122 at 30°C/4°C
Melting point 84.5°C

Boiling point 192.6°C

Log K, -0.67

Water solubility 371g/Lat20°C
Vapor pressure 7 % 107 mm Hg at 25°C
Vapor density relative to air 2.5

Source: HSDB 2009.

Use

Acrylamide is a chemical intermediate used in the production and
synthesis of polyacrylamides that can be modified to develop non-
ionic, anionic, or cationic properties for specific uses. These wa-
ter-soluble polymers can be used as additives for water treatment,
enhanced oil recovery, flocculants, papermaking aids, thickeners,
soil-conditioning agents, sewage and waste treatment, ore process-
ing, and permanent-press fabrics (Habermann 2002). In 2001, 94% of
acrylamide was used to produce polyacrylamide, of which 56% was
used for water treatment, 24% for pulp and paper production, 10%
for mineral processing, 4% for miscellaneous uses, and the remain-
ing 6% for production of N-methylolacrylamide and other monomers
(CMR 2002). Acrylamide is also used in the synthesis of dyes, in co-
polymers for contact lenses, and in the construction of dam founda-
tions, tunnels, and sewers (Habermann 2002).

The U.S. Food and Drug Administration has regulated the use of
acrylamide and polyacrylamide in foods (IARC 1994). Acrylamide
polymers containing less than 0.2% monomer may be used in food-
packaging adhesives, paper, and paperboard; to wash or peel fruits
and vegetables; and in gelatin capsules. In acrylamide polymers added
to water for steam that will contact food, the monomer should not
exceed 0.05% by weight.

Production

In 2002, four U.S. producers of acrylamide reported a production ca-
pacity of 301 million pounds (CMR 2002). In 2009, acrylamide was
produced by 30 manufacturers worldwide, including 4 in the United
States (SRI 2009), and was available from 55 suppliers, including 28
U.S. suppliers (ChemSources 2009). The demand for acrylamide in-
creased from 191 million pounds in 2000 to 200 million pounds in
2001 (CMR 2002). In 1972, U.S. imports of acrvlamide were consid-
ered negligible (HSDB 2009). Imports totaled 6.8 million kilograms
(15 million pounds) in 1992, 2 million pounds in 2001, 2.9 million
kilograms (6.4 million pounds) in 2007, and 2.6 million kilograms (5.8
million pounds) in 2008. U.S. exports of acrylamide were less than
0.9 million kilograms (2 million pounds) in 1992, 11 million pounds
in 2000, and 8 million pounds in 2001; no more recent data on ex-
ports were found (EPA 1994, CMR 2002, USITC 2009). Reports filed
from 1988 to 2006 under the U.S. Environmental Protection Agen-
cy’s Toxic Substances Control Act Inventory Update Rule indicated
that U.S. production plus imports of acrylamide totaled 100 million
to 500 million pounds except in 1990, when the quantity was 50 mil-
lion to 100 million pounds (EPA 2004, 2009).
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Exposure

The potential routes of human exposure to acrylamide are ingestion,
dermal contact, and inhalation (Manson et al. 2005). Acrylamide has
been found in a number of food products. In 2002, a Swedish study
reported that acrylamide was formed in heated foodstuffs, especially
potato products and other baked or fried high-carbohydrate food-
stuffs (Tareke et al. 2002). The acrylamide content of food items is
directly related to the amount of reducing sugars and asparagine in
the raw product and the cooking temperature used in the prepara-
tion (Pedreschi et al. 2004). Studies have quantified acrylamide con-
tent in foods such as potato chips (up to 3,700 ug/kg), French fries
(up to 12,000 pg/kg), cereal (up to 1,346 pg/kg), bread (biscuits and
crackers, up to 3,200 pg/kg), gingerbread (up to 1,660 pg/kg), nuts
and nut butters (up to 457 pg/kg), and coffee (up to 16 pg/L) (Fried-
man 2003, Andrzejewski et al. 2004, Hoenicke et al. 2004, Aguas et
al. 2006). Average U.S. daily dietary intake for all individuals over the
age of two years was estimated at 0.43 pg/kg of body weight; how-
ever, the estimated exposure of children aged two to five years was
1.06 ug/kg (Manson et al. 2005).

Acrylamide may also be ingested in drinking water contaminated
by polyacrylamide flocculants used in water treatment (Brown et al.
1980a, Howard 1989). Residual acrylamide concentrations in 32 poly-
acrylamide flocculants approved for water-treatment plants ranged
from 0.5 to 600 ppm (Howard 1989). Acrylamide remains in water
after flocculation with polyacrylamides because it is very water sol-
uble and is not readily adsorbed by sediment (Brown et al. 1980Db,
Howard 1989).

Dermal exposure to acrylamide may result from trace quantities
in cosmetic products, gardening products, paper and pulp products,
coatings, and textiles resulting from the use of polyacrylamide in
these products (Manson et al. 2005). Acrylamide has been measured
in body and hand lotions, powders, and creams at concentrations of
up to 1,200 pg/kg, and daily exposure to acrylamide through cosmetic
products was estimated at 0.95 pg/kg of body weight per day. Acryl-
amide also has been measured in mainstream cigarette smoke at con-
centrations of up to 2.34 ug per cigarette, which would result in an
average daily intake of 0.67 pg/kg of body weight per day (based ona
body weight of 70 kg) for a person smoking one pack a day.

Acrylamide may be released into the environment in waste from
acrylamide production and the manufacture of polyacrylamides and
other polymers (Howard 1989). The most important environmental
contamination results from the use of acrylamide in soil grouting
(IPCS 1985). Acrylamide is also released to water from acrylamide-
based sewer grouting and wastepaper recycling (Brown et al. 1980a,
1982, Howard 1989). In 2005, EPA’s Toxics Release Inventory reported
environmental releases of 8,797,482 1b of acrylamide from 42 facili-
ties, 99.9% of which was released to underground injection wells, and
most of the rest to air (TRI 2009).

Because the vapor pressure of acrylamide is low, the monomer is
not expected to occur in the vapor phase in air. Acrylamide biode-
grades in surface water in approximately 8 to 12 days (Howard 1989).
Acrylamide degradation in a secondary sewage plant would be com-
plete in approximately 10 days; however, acrylamide has been de-
tected in effluent from sewage treatment plants (HSDB 2009). Certain
debris organisms that exist in anaerobic, light aerobic, or dark aero-
bic conditions in natural and polluted environments are able to de-
grade acrylamide (Brown et al. 1980b). Acrylamide is highly mobile
in aqueous environments; it thus readily leaches into soil and is car-
ried great distances in groundwater of deep rock aquifers, where it
will not be biodegraded (IPCS 1985). Bioconcentration of acrylamide
is unlikely, because it degrades easily in surface waters and is highly
water soluble (Manson et al. 2005). In an EPA study of five industrial
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sites of acrylamide and polyacrylamide production and one site of
polyacrylamide use, the highest concentration of acrylamide in water
was found downstream from a polyacrylamide producer, at 1.5 mg/L
(IPCS 1985, Howard 1989). In this study, the average acrylamide con-
centration was less than 0.2 ug/m?® in air and less than 0.02 mg/kg in
soil and sediment (IPCS 1985).

Occupational exposure to acrylamide is primarily from dermal
contact with the solid monomer and inhalation of dust and vapor dur-
ing acrylamide and polyacrylamide production. The highest exposure
occurs during the handling ofthe monomer. In two acrylamide manu-
facturing plants, breathing-zone concentrations were 0.1 to 3.6 mg/m®.
During normal operations, workers at another plant were exposed to
concentrations of up to 0.3 mg/m® (IARC 1986). At U.S. acrylamide
production facilities, the mean concentration of acrylamide in air was
640 pg/m? in packing areas (Manson et al. 2005). In other parts of the
world, acrylamide-hemoglobin adducts were used to estimate occu-
pational exposure. In China, the highest acrylamide adduct concen-
tration was 34,000 pmol/g of globin, found in the blood of workers
in an acrylamide and polyacrylamide manufacturing plant. Occupa-
tionally exposed German smokers had adduct concentrations of up
to 85 pmol/g of hemoglobin. In tunnel workers exposed to polyacryl-
amide in grout, acrylamide adducts were found at concentrations of
up to almost 17,000 pmol/g (IARC 1986). Occupational exposure to
acrylamide in aqueous form occurs mainly during maintenance and
repair operations and connection and disconnection of equipment for
transport. Routine exposure is minimal in captive production opera-
tions (Klaassen 1986). Improvements in the polymerization process
have reduced the monomer content of the nonpotable-water-grade
polymers from 5% to 0.3% (Brown et al. 1982).

Workers in the paper and pulp, construction, foundry, oil-drilling,
textiles, cosmetics, food-processing, plastics, mining, and agricultural
industries also are potentially exposed to acrylamide (Manson 2005).
The potential for exposure is higher among grouters than other work-
ers, because of the uncontrolled nature of the exposure; however, ex-
posure levels have not been reported for grouters (IPCS 1985). The
National Institute for Occupational Safety and Health estimated in
1976 that about 20,000 workers potentially were exposed to acryl-
amide (IARC 1986), and the National Occupational Exposure Sur-
vey (conducted from 1981 to 1983) estimated that 10,651 workers
potentially were exposed (NIOSH 1990).

Regulations

Coast Guard, Department of Homeland Security

Minimum requirements have been established for safe transport of acrylamide solution on ships and
barges.

Department of Transportation (DOT)

Acrylamide is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean AirAct

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture of acrylamide is subject to certain provisions for the
control of volatile organic compound emissions.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 5,000 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Reportable quantity (RQ) = 5,000 Ib.

Threshold planning quantity (TPQ) = 1,000 Ib for solids in powder form with particle size < 100 pm or
solution or molten form; = 10,000 Ib for all other forms.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste codes for which the fisting is based wholly or partly on the presence of
acrylamide = U007, K014,
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Listed as a hazardous constituent of waste.

Safe Drinking Water Act

Each public water system must certify annually that when acrylamide is used in drinking-water
systems, the level does not exceed 0.05% dosed at 1 mg/L (or equivalent).

Food and Drug Administration (FDA)

Acrylamide and various acrylamide copolymers may be used as food additives permitted for direct
addition to food for human consumption, indirect food additives, secondary direct food additives,
and food additives permitted in feed and drinking water of animals, as prescribed in 21 CFR parts
172,173,175,176,177,178, and 573.

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHA' legally enforceable PELs for this substance in 2010,

specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit (PEL) = 0.3 mg/mg‘

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value ~ time-weighted-average (TLV-TWA) = 0.03 mg/m’.

National Institute for Occupational Safety and Health (NIOSH)
Recommended exposure limit (time-weighted-average workday) = 0.03 mg/m”.

Immediately dangerous to life and health (IDLH) limit = 60 mg/m’.
Listed as a potential occupational carcinogen.
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Acrylonitrile
CAS No. 107-13-1

Reasonably anticipated to be a human carcinogen

First listed in the Second Annual Report on Carcinogens (1981)

H
H,C=C—C=N
Carcinogenicity
Acrylonitrile is reasonably anticipated to be a human carcinogen

based on sufficient evidence of carcinogenicity from studies in ex-
perimental animals.

Cancer Studies in Experimental Animals

Acrylonitrile caused tumors at several different tissue sites in rats.
Exposure to acrylonitrile in drinking water or by inhalation caused
cancer of the central nervous system (microglioma or glioma) and
Zymbal gland (carcinoma) and benign tumors of the forestomach
(squamous-cell papilloma or acanthoma) in both sexes (IARC 1979).

Since acrylonitrile was listed in the Second Annual Report on Car-
cinogens, additional studies in rodents have been identified. Oral
exposure to acrylonitrile caused cancer of the forestomach (squa-
mous-cell carcinoma) and increased the combined incidence of
benign and malignant Harderian-gland tumors (adenoma and car-
cinoma) in mice of both sexes. Benign and malignant tumors of the
ovary (granulosa-cell tumors) and lung (alveolar/bronchiolar ade-
noma and carcinoma) in female mice also may have been related to
acrylonitrile exposure (NTP 2001). In rats, prenatal exposure followed
by postnatal inhalation exposure to acrylonitrile caused brain tumors
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(glial-cell tumors) in both sexes. In females, it also caused cancer of
the mammary gland and the blood vessels (angiosarcoma); in males,
it caused cancer of the Zymbal gland and increased the combined
incidence of benign and malignant liver tumors (hepatocellular ad-
enoma and carcinoma) (IARC 1999).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to acrylonitrile. An increased risk of cancer of the lung and
colon was reported in U.S. textile plant workers exposed to acrylo-
nitrile and observed for 20 years or more (IARC 1979).

Since acrylonitrile was listed in the Second Annual Report on Car-
cinogens, additional epidemiological studies have been identified. In
studies of workers exposed to acrylonitrile (including textile work-
ers and rubber workers) published in the 1980s and 1990s, includ-
ing several meta-analyses, the risk of cancer was increased only for
lung cancer among workers with the highest cumulative exposure
levels in a large National Cancer Institute cohort study (IARC 1999).
An update of a U.S. textile-worker cohort followed for five decades
found no association betweeen acrylonitrile exposure and cancer
at any tissue site (Symons et al. 2008). A large international case-
control study of lung cancer found a significant smoking-adjusted
risk of lung cancer with increasing acrylonitrile exposure (Scélo et al.
2004), and a meta-analysis of lung-cancer findings found increased
risk with acrylonitrile exposure after adjusting for a healthy-worker
effect (Sponsiello-Wang et al. 2006). A small cohort study (Czeizel
et al. 2004) found no excesses of lung or other cancer among work-
ers possibly exposed to acrylonitrile; however, the study’s statistical
power to detect effects was limited. In an update of a cohort study
in the Netherlands, excesses of brain cancer were found in some ex-
posure categories (Swaen et al. 2004).

Properties

Acrylonitrile exists at room temperature as a volatile, flammable col-
orless liquid with a sweet characteristic odor. It is soluble in water
and isopropyl alcohol and miscible with ethanol, carbon tetrachlo-
ride, ethyl acetate, ethylene cyanohydrin, xylene, toluene, petroleum

ether, and liquid carbon dioxide. Acrylonitrile is stable under normal

shipping and handling conditions but may undergo explosive polym-
erization if not inhibited (Akron 2009). Physical and chemical prop-
erties of acrylonitrile are listed in the following table.

Property Information
Molecular weight 53.1

Specific gravity 0.8004 at 25°C/4°C
Melting point -82°C

Boiling point 77.3°Cat 760 mm Hg
Log K., 0.25

Water solubility 74.5 g/L at 25°C
Vapor pressure 109 mm Hg at 25°C
Vapor density relative to air 1.8

Source: HSDB 2009.

Use

Acrvylonitrile is an important industrial chemical used extensively in
the manufacture of synthetic fibers, resins, plastics, elastomers, and
rubber for a variety of consumer goods, such as textiles, drinking
cups, automotive parts, and appliances (Brazdil 2010). It is also used
as a monomer for acrylic and modacrylic fibers, in plastics, in surface
coatings, as a chemical intermediate, in organic synthesis, in home
furnishings, in nitrile rubbers, and as a modifier for natural poly-
mers (HSDB 2009). Of total acrylonitrile production, reported uses
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were 38% for the production of adiponitrile, 22% for acrylonitrile-
butadiene-styrene and styrene-acrylonitrile resins, 17% for acrylic
fibers, 11% for acrylamide, 3% for nitrile elastomers, and 9% for mis-
cellaneous uses, including polymers, polyols, barrier resins, and car-
bon fibers (CEN 2009). Acrylonitrile is used in the manufacture of
carbon fibers used to reinforce composites for high-performance ap-
plications in the aircraft, defense, and aerospace industries. Other
specialty applications include the production of fatty amines, ion-
exchange resins, and fatty amine amides used in cosmetics, adhesives,
corrosion inhibitors, and water-treatment resins (IARC 1999). Ac-
rylonitrile was formerly used as a fumigant; however, almost all pes-
ticide registrations for acrylonitrile were canceled in 1978 (ATSDR
1990).

Production

Acrylonitrile has been produced in the United States since 1940
(TARC 1979). It was ranked among the 50 highest-volume chemicals
for several years (CEN 2009). U.S. production of acrylonitrile averaged
2.7 billion pounds from 1985 to 1987 and totaled 2.7 billion pounds
in 1990 and 2.5 billion pounds in 1993. Production increased to 3.4
billion pounds in 1996 (IARC 1999), but had decreased to 2.2 billion
pounds by 2008 (CEN 2009). In 2009, acrylonitrile was produced by
32 companies worldwide, including 5 in the United States (SRI 2009),
and was available from 16 U.S. suppliers (ChemSources 2009). In
2000, U.S. imports of acrylonitrile exceeded 17 million pounds; since
then, imports have decreased and have varied widely, from a low of
26,000 1b in 2004 to a high of 1.1 million pounds in 2008. U.S. exports
of acrylonitrile exceeded 1.5 billion pounds in 2000 and reached a
high of almost 3 billion pounds in 2004 (USITC 2009).

Exposure

The potential routes of human exposure to acrylonitrile are inhalation,
ingestion, and dermal contact. Exposure is greater in occupational
settings than in the general population. The general population may
be exposed through the use of consumer products made with poly-
mers of acrylonitrile, such as acrylic carpeting or polyacrylonitrile-
resin-based food packaging. However, exposure from these sources is
very low, because little of the monomer migrates from such products
into air or food (ATSDR 1990). The U.S. Consumer Product Safety
Commission in 1978 estimated concentrations of acrylonitrile as less
than 1 ppm in acrylic and modacrylic fibers, 30 to 50 ppm in acetoni-
trile-butadiene-styrene copolymers, 15 ppm in styrene-acrylonitrile
copolymers, and 0 to 750 ppm in nitrile rubber and latex goods (as
cited in IPCS 1983). Foods most likely to contain measureable acrylo-
nitrile are high-fat or highly acidic iterns, such as luncheon meat,
peanut butter, margarine, vegetable oil, or fruit juice. In 1984, typi-
cal concentrations of acrylonitrile in margarine were reported to be
25 pug/kg (ATSDR 1990). However, the U.S. Food and Drug Admin-
istration’s Total Diet Study found no acrylonitrile residue in any of
the foods tested from 1991 to 2004 (FDA 2006).

Acrylonitrile has been measured in the vapor phase of mainstream
tobacco smoke at a concentration of 18.5 g per cigarette (Laugesen
and Fowles 2005). Indoor air concentrations of acrylonitrile in the
residences of smokers (to which nonsmokers were exposed) were
estimated at 0.5 to 1.2 pg/m? (Nazaroff and Singer 2004). Acryloni-
trile-hemoglobin adducts are a reliable marker of smoking behavior
and correlate with the number of cigarettes smoked per day (Berg-
mark 1997, Fennell et al. 2000). The adducts may also be present in
infants born to mothers who smoke (Tavares et al. 1996, Schettgen
et al. 2004),

According to the U.S. Environmental Protection Agency’s Toxics
Release Inventory, the volume of environmental releases of acrylo-
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nitrile has remained high since 2001, when 11.5 million pounds was

released, and most releases since 2000 have been to underground in-
jection wells. In 2007, 94 facilities released a total of about 7 million

pounds of acrylonitrile, most of which (6.6 million pounds) was re-
leased by two facilities to on-site hazardous waste underground in-
jection wells (TRI 2009).

Occupational exposure to acrylonitrile may occur during its man-
ufacture and production and in factories where it is used as a mono-
mer; exposure levels are highest where acrylonitrile is manufactured.
Typical workplace air concentrations were reported to range from 0.1
to 4 mg/m> (ATSDR 1990). The National Occupational Exposure Sur-
vey (conducted from 1981 to 1983) estimated that 51,153 workers,
including 25,320 women, potentially were exposed to acrylonitrile.
Occupations with potential for exposure included acrylic resin, rub-
ber, synthetic fiber, and textile maker; synthetic organic chemist; and
pesticide worker (NIOSH 1990).

Regulations

Coast Guard, Department of Homeland Security

Minimum requirements have been established for safe transport of acrylonitrile on ships and barges.

Department of Transportation (DOT)

Acrylonitrile is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean AirAct

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture of acrylonitrile is subject to certain provisions for the
control of volatile organic compound emissions.

Prevention of Accidental Refease: Threshold quantity (TQ) = 20,000 Ib.

Urban Air Toxics Strategy: |dentified as one of 33 hazardous air poliutants that present the greatest
threat to public health in urban areas.

Clean Water Act

Designated a hazardous substance.

Effuent Guidelines: Listed as a toxic pollutant.

Water Quality Criteria: Based on fish or shellfish and water consumption = 0.051 pg/L; based on fish or
shellfish consumption only = 0.25 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 100 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Reportable quantity (RQ) = 100 Ib.

Threshold planning quantity (TPQ) = 10,000 Ib.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
acrylonitrile = U009, K011, K013.

Listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

Acrylonitrile copolymers and resins may be used in materials that are intended for use in producing,
manufacturing, processing, preparing, treating, packaging, transporting, or holding food, as
prescribed in 21 CFR parts 173,175,176, 177,178,179, 180, 181.

Occupational Safety and Healith Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Ceiling concentration = 10 ppm (15-min exposure}.

Permissible exposure limit (PEL) = 2 ppm.

Comprehensive standards for occupational exposure to acrylonitrile have been developed.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLY-TWA) =2 ppm.
National Institute for Occupational Safety and Health (NIOSH)

Ceiling recommended exposure limit =10 ppm (15-min exposure).
Immediately dangerous to life and health (IDLH) limit = 85 ppm.
Recommended exposure limit (time-weighted-average workday) = 1 ppm.
Listed as a potential occupational carcinogen.
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Adriamycin
CAS No. 23214-92-8

Reasonably anticipated to be a human carcinogen
First listed in the Fourth Annual Report on Carcinogens (1985)

Adriamycin is a registered trademark of Pharmacia Company for
doxorubicin hydrochloride (CAS No. 25136-40-9)

CH

CHgs
Carcinogenicity
Adriamycin is reasonably anticipated to be a human carcinogen based

on sufficient evidence of carcinogenicity from studies in experimen-
tal animals.

Cancer Studies in Experimental Animals

Adriamycin caused tumors in rats at several different tissue sites and
by several different routes of exposure. A single intravenous injection
of Adriamycin caused mammary-gland tumors in female rats in sev-
eral studies. In rats of unspecified sex, single or repeated subcutane-
ous injections of Adriamycin caused cancer of the mammary gland
and at the injection site (sarcoma) (IARC 1976, 1982).

Since Adriamycin was listed in the Fourth Annual Report on Car-
cinogens, additional studies in experimental animals have been iden-
tified. In rats of unspecified sex, instillation of Adriamycin into the
urinary bladder resulted in a low incidence of benign urinary-bladder
tumors (papilloma) and promoted the induction of urinary-bladder
tumors by N-nitroso-N-(4-hydroxybutyl)-N-butylamine (IARC 1982,
1987). When Adriamycin was administered to rhesus and cynomol-
gus monkeys by intravenous injection, a single malignant tumor (fi-
brosarcoma) was observed at the injection site in one cynomolgus
monkey (Thorgeirsson et al. 1994, Schoeffner and Thorgeirsson 2000).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the relation-
ship between human cancer and exposure specifically to Adriamycin.
However, some cancer patients who received Adriamycin in combi-
nation with alkylating agents and radiotherapy developed acute non-
lvmphocytic leukemia and bone tumors (osteosarcoma) (IARC 1982).

Properties

Adriamycin is an anthracycline antibiotic that is an almost odor-
less red crystalline solid. It is soluble in water and aqueous alcohols,
moderately soluble in anhydrous methanol, and insoluble in non-
polar organic solvents (IARC 1976). It is stable at room tempera-
ture in closed containers under normal storage conditions (Akron
2009). Physical and chemical properties of Adriamycin are listed in
the following table.
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Adriamycin

Property Information

Molecular weight 543.5°

Melting point 229°C to 231°C*

Log K, 1.27 atpH 7.4°
Water solubility 20 g/L?

Vapor pressure 899 x 107 mm Hg®
Dissociation constant (pK,) 8332

Sources: *HSDB 2009, ®ChemiDplus 2009.

Use

Adriamycin is a cytotoxic anthracycline antibiotic used in antimitotic

chemotherapy. It is infused intravenously to treat neoplastic diseases

such as acute leukemia, multiple myeloma, Hodgkin’s disease, non-
Hodgkin’s lymphoma, soft-tissue and osteogenic sarcomas, Kaposi’s

sarcoma, neuroblastoma, Ewing’s sarcoma, Wilms’ tumor, and can-
cer (carcinoma) of the head and neck, breast, thyroid gland, genito-
urinary tract, and lung (IARC 1976, Chabner et al. 2001, HSDB 2009,
MedlinePlus 2009). A liposomal doxorubicin product is available to

treat AIDS-related Kaposi’s sarcoma.

Production

In 2009, Adriamycin was produced by four manufacturers world-
wide (two in Europe and one each in China and East Asia) (SRI2009);
doxorubicin hydrochloride was available from eight U.S. suppliers
(ChemSources 2009), and five pharmaceutical companies produced
15 injectable pharmaceutical products approved by the U.S. Food
and Drug Administration containing doxorubicin hydrochloride (FDA
2009). No data were found on U.S. imports or exports of Adriamycin.

Exposure

The primary source of human exposure is by intravenous injection of
patients treated with Adriamycin. When Adriamycin is used as a sin-
gle agent for treatment of adult patients, the most common dosage

schedule is 60 to 75 mg/m? of body surface as a single intravenous in-
fusion over 30 minutes at 21-day intervals until a total of 550 mg/m*

is given (IARC 1976). The liposomal product is also administered in-
travenously at 21-day intervals at a dose of 20 mg/m? (Chabner ef al.
2001). In 2009, 378 clinical trials with regimens including Adriamycin

were in progress or recently completed (Clinical Trials 2009). Health-
care professionals and support staff (including custodians) may be

exposed to Adriamycin by dermal contact, inhalation, or accidental

ingestion during drug preparation and administration or cleanup of
medical waste, including excretions from treated patients (Zimmer-
man et al. 1981, NIOSH 2004). Adriamycin can be found unchanged

in human excrement (RxMed 2009). The National Occupational Ex-
posure Survey (conducted from 1981 to 1983) estimated that 17,132

health-services workers, including 11,918 women, potentially were

exposed to Adriamycin (NIOSH 1990).

Regulations

Food and Drug Administration (FDA)
Adriamycin is a prescription drug subject to labeling and other requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of guidelines has been established to prevent occupational exposures to hazardous
drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of guidefines has been established to prevent occupational exposures to hazardous
drugs in health-care settings.
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Aflatoxins
CAS No. 1402-68-2

Known to be human carcinogens

First listed in the First Annual Report on Carcinogens (1980)

Carcinogenicity

Aflatoxins are known to be human carcinogens based on sufficient ev-
idence of carcinogenicity from studies in humans. Aflatoxins were
listed in the First Annual Report on Carcinogens as reasonably antici-
pated to be human carcinogens based on sufficient evidence of carci-
nogenicity from studies in experimental animals and limited evidence
of carcinogenicity from studies in humans; however, the listing was
revised to known to be human carcinogens in the Sixth Annual Re-
port on Carcinogens in 1991.

Cancer Studies in Humans

Early evidence for the carcinogenicity of aflatoxins in humans came
from epidemiological studies (a case-control study and descriptive
studies) that correlated geographic variation in aflatoxin content
of foods with geographic variation in the incidence of liver cancer
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(hepatocellular carcinoma, or primary liver-cell cancer). Studies in
Uganda, Swaziland, Thailand, Kenya, Mozambique, and China dem-
onstrated strong, significant positive correlations between estimated
aflatoxin intake or aflatoxin levels in food samples and the incidence
of liver cancer. In the United States, a 10% excess of primary liver-cell
cancer was observed in the Southeast, where the estimated average
daily intake of aflatoxin was high, compared with the North and West,
areas with low aflatoxin intake. In a case-control study in the Phil-
ippines, levels of aflatoxin in the diets of individuals were estimated
retrospectively, and the risk of liver cancer increased significantly
with increasing estimated aflatoxin consumption. Interpretation of
these studies is complicated by potential confounding due to hepa-
titis B virus infection, which is endemic in many of the study areas
and is known to cause primary liver-cell cancer (IARC 1987, 1993).

In studies that took into account the prevalence of chronic hep-
atitis B infection, aflatoxin exposure remained strongly associated
with liver cancer. Chinese studies in which the prevalence of chronic
hepatitis B did not appear to fully explain differences in rates of pri-
mary liver-cell cancer were reviewed, and it was concluded that the
remaining variance in liver-cancer incidence was related both to esti-
mated dietary levels of aflatoxins and to measured levels of aflatoxins
and their metabolites in the urine. Ina study in Swaziland, estimated
aflatoxin intake based on levels in food samples was strongly corre-
lated with liver-cancer incidence; in this study, geographic variation
in aflatoxin exposure better explained the variation in liver-cancer
incidence than did variation in the prevalence of hepatitis B infec-
tion (IARC 1987, 1993).

The International Agency for Research on Cancer concluded in
1987 that there was sufficient evidence in humans for the carcino-
genicity of naturally occurring aflatoxins (IARC 1987). This conclu-
sion was reaffirmed in two subsequent reevaluations (IARC 1993,
2002). These reevaluations considered the results of several cohort
studies in China and Taiwan, which reported associations between
biomarkers for aflatoxin exposure (aflatoxin metabolites in the urine
and aflatoxin-albumin adducts in the blood) and primary liver-cell
cancer; the association remained when the analyses controlled for
hepatitis B infection.

Studies on Mechanisms of Carcinogenesis

Aflatoxin causes genetic damage in bacteria, in cultured cells from hu-
mans and experimental animals, and in humans and experimental an-
imals exposed to aflatoxin in vivo. Types of genetic damage observed
include formation of DNA and albumin adducts, gene mutations, mi-
cronucleus formation, sister chromatid exchange, and mitotic recom-
bination. Metabolically activated aflatoxin B, specifically induced G
to T transversion mutations in bacteria. G to T transversions in co-
don 249 of the p53 tumor-suppressor gene have been found in hu-
man liver tumors from geographic areas with high risk of aflatoxin
exposure and in experimental animals (IARC 1993, 2002).

In humans and susceptible animal species, aflatoxin B, is metab-
olized by cytochrome P450 enzymes to aflatoxin-8,9-epoxide, a re-
active form that binds to DNA and to albumin in the blood serum,
forming adducts. Comparable levels of the major aflatoxin B, adducts
{the N’-guanine and serum albumin adducts) have been detected in
humans and susceptible animal species. The 8,9-epoxide metabolite
can be detoxified through conjugation with glutathione, mediated
by the enzyme glutathione S-transferase (GST). The activity of GST
is much higher (by a factor of 3 to 5) in animal species that are re-
sistant to aflatoxin carcinogenicity, such as mice, than in susceptible
animal species, such as rats. Humans have lower GST activity than
either mice or rats, suggesting that humans are less capable of detox-
ifying aflatoxin-8,9-epoxide. In studies of rats and trout, treatment
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with chemopreventive agents reduced the formation of aflatoxin B;—
guanine adducts and the incidence of liver tumors.

Cancer Studies in Experimental Animals

Aflatoxins caused tumors in several species of experimental animals,
at several different tissue sites, and by several different routes of ex-
posure. Oral administration of aflatoxin mixtures or aflatoxin B, alone
(in the diet, by stomach tube, or in the drinking water) caused liver
tumors (hepatocellular or cholangiocellular tumors) in all species
tested except mice; these included rats, hamsters, marmosets, tree
shrews, and monkeys. In addition, kidney (renal-cell) and colon tu-
mors occurred in rats, benign lung tumors (adenoma) in mice, and
tumors of the liver, bone (osteogenic sarcoma), gallbladder, and pan-
creas (adenocarcinoma) in monkeys. When administered by intra-
peritoneal injection, aflatoxin B, caused liver tumors in infant mice,
adult rats, and toads. Aflatoxin B; administered by intraperitoneal
injection to pregnant and lactating rats caused tumors of the liver,
digestive tract, urogenital system, and nervous system in the moth-
ers and offspring. Aflatoxin mixtures administered by subcutaneous
injection caused tumors at the injection site (sarcoma) in rats and
mice. Aflatoxins B,, G, and M, also caused liver tumors in experi-
mental animals, but generally at lower incidences than did aflatoxin
mixtures or aflatoxin B, alone. Inrats, aflatoxin G, also caused kidney
tumors when administered orally and a low incidence of injection-
site tumors (sarcoma) when administered by intraperitoneal injec-
tion. Both enhancement and inhibition of aflatoxin’s carcinogenicity
were observed following co-administration of aflatoxins with vari-
ous diets, viruses, parasites, known carcinogens, and other chemi-
cals (IARC 1976, 1993).

TIARC (1993) concluded that there was sufficient evidence in ex-
perimental animals for the carcinogenicity of naturally occurring mix-
tures of aflatoxins and aflatoxins B,, G, and My; limited evidence for
the carcinogenicity of aflatoxin B,; and inadequate evidence for the
carcinogenicity of aflatoxin G,. In its 2002 evaluation, IARC reported
on several more recent studies suggesting that experimental animals
infected with hepatitis B virus (woodchucks, tree shrews, and trans-
genic mice heterozygous for the p53 tumor-suppressor gene) were
more sensitive to the carcinogenic effects of aflatoxin than were unin-
fected animals. IARC (2002) concluded that these studies confirmed
the carcinogenicity of aflatoxins in experimental animals.

Properties

Aflatoxins are toxins produced by fungi in the genus Aspergillus that

grow on grains and other agricultural crops. They exist as colorless

to pale-yellow crystals at room temperature IARC 1976, 1993). They
are slightly soluble in water and hydrocarbons, soluble in methanol,
acetone, and chloroform, and insoluble in nonpolar solvents. Aflatox-
ins are relatively unstable in light and air, particularly in polar solvents

or when exposed to oxidizing agents, ultraviolet light, or solutions

with a pH below 3 or above 10. Aflatoxins decompose at their melt-
ing points, which are between 237°C (G,) and 299°C {M,), but are

not destroyed under normal cooking conditions. They can be com-
pletely destroyed by autoclaving in the presence of ammonia or by
treatment with bleach. Physical and chemical properties of aflatox-
ins are listed in the following table.

Property Information
Melting point 237°C to 299°C?
Log Ky, 0.5°

Water solubility 3.150 g/L at 25°C°
Vapor pressure 1.25 x 107" mm Hg at 25°C"

Sources: 1ARC 1993, ®ChemliDplus 2009.
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The four major types of aflatoxins are designated aflatoxin B, (molec-
ular weight = 312.3), B, (molecular weight = 314.3), G, (molecular
weight = 328.3), and G, (molecular weight = 330.3), based on their
fluorescent color when exposed to ultraviolet light (B = blue fluo-
rescence, G = yellow-green fluorescence). Aflatoxin M, which may
be found in the absence of other aflatoxins, is a major metabolic
hydroxylation product of aflatoxin B,.

Use

Aflatoxins are used solely for research purposes. They are naturally
occurring contaminants formed by certain fungi on agricultural crops,
first discovered in the 1960s (IARC 1976).

Production

Aflatoxins are produced by several fungus species in the genus Asper-
gillus. A. flavus and A. parasiticus are responsible for most aflatoxin
contamination of food crops worldwide. Although these species have
similar geographical ranges, A. parasiticus is less widely distributed
and is rare in Southeast Asia. A. flavus is the most widely reported
fungus in foodstuffs. A. australis, which occurs in the Southern Hemi-
sphere, is the only other species that may be an important source of
aflatoxins. Both A. flavus and A. parasiticus occur in the warm tem-
perate regions of the United States, but are less abundant there than
in tropical regions. A. flavus is uncommon in cool temperate regions.
Both A. flavus and A. parasiticus produce aflatoxins B, and B,, and A.
parasiticus also produces aflatoxins G, and G,. The relative propor-
tions and amounts of the various aflatoxins on food crops depend on
the Aspergillus species present, pest infestation, growing and storage
conditions, and other factors. Contamination generally is higher on
crops grown in hot, humid tropical climates, but does occur in tem-
perate climates and varies from year to year. Pre-harvest aflatoxin lev-
els increase during droughts, and post-harvest levels increase when
crops are not properly dried before storage or are not protected from
insect and rodent infestations. Rapid post-harvest drying and stor-
age in an area with a moisture content ofless than 10% can eliminate
most contamination (IARC 1976, 1993, 2002).

Aflatoxins are not manufactured in commercial quantities but
may be produced in small quantities for research purposes. Total
annual production was reported to be less than 100 g (IARC 1993,
2002). No U.S. suppliers for aflatoxins were identified in 2009 (Chem-
Sources 2009).

Exposure

The general population is exposed to aflatoxins primarily by eating
contaminated food. Aflatoxin-producing fungi commonly grow on
corn and other grains, peanuts, tree nuts, and cottonseed meal; how-
ever, A. parasiticus is rarely found in corn. Meat, eggs, milk, and other
edible products from animals that consume aflatoxin-contaminated
feed also are sources of potential exposure. Although aflatoxin levels
generally are higher during periods of drought, surveys by the U.S.
Food and Drug Administration detected aflatoxins in fewer than half
of samples collected from feedstuffs even in drought years (Price et
al. 1993).

Median total aflatoxin concentrations in corn samples collected in
the United States between 1978 and 1983 ranged from less than 0.1
to 80 pg/kg (IARC 1993). Data on contamination of foods compiled
in 1995 from 90 countries reported a median aflatoxin B, concen-
tration of 4 pg/kg (range = 0 to 30 pg/kg) and a median total afla-
toxin concentration of 8 pg/kg (range = 0 to 50 pg/kg) (IARC 2002).
The estimated daily dietary intake of aflatoxins in the southeastern
United States (based on samples collected from 1960 to 1979) was
2.7 ng/kg of body weight, which was substantially less than the daily
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intake estimated for periods before 1960 (197 ng/kg for 1910 to 1934
and 108 ng/kg for 1935 to 1959). The time-weighted average daily
intake for 1910 to 1979 was 110 ng/kg for the Southeast, but only
0.34 ng/kg for the North and West (Bruce 1990).

Nursing infants may be exposed to aflatoxins in breast milk (Zarba
etal. 1992). Aflatoxins were detected in 90 of 264 breast-milk samples
collected from nursing mothers in Africa, but were not detected in
120 samples collected from nursing mothers in Kiel, Germany. Afla-
toxin M, was most frequently detected in breast milk, at concentra-
tions varying seasonally from 0.02 to about 1.8 pg/L, but aflatoxin B,
was found at the highest concentration, 8.2 pg/L (Somogyi and Beck
1993). Biomarkers that may be used to assess aflatoxin exposure in-
clude the aflatoxin-DNA adduct in urine and the aflatoxin-albumin
adduct in blood serum (Weaver et ai. 1998).

Occupational exposure to aflatoxins occurs by inhalation of dust
generated during the handling and processing of contaminated crops
and feeds. Therefore, farmers and other agricultural workers have
the greatest risk of occupational exposure. Of 45 animal-feed pro-
duction plant workers in Denmark, 7 had detectable levels of afla-
toxin By in their blood after working for four weeks in the factory or
unloading raw materials from ships (Autrup et al. 1993). Aflatoxins
were detected at concentrations of 0.00002 to 0.0008 pug/m? in respira-
ble dust samples collected in workplace and storage areas at rice and
corn processing plants in India (Ghosh et al. 1997). Dust samples col-
lected from 28 U.S. farms during harvest and unloading, animal feed-
ing, and bin cleaning contained aflatoxins at concentrations ranging
from 0.00004 to 4.8 pg/m> (Selim et al. 1998). The lowest concentra-
tions were detected during harvest and unloading, and the highest
during bin cleaning. Both area and personal samplers were used to
determine airborne concentrations of aflatoxins B,, B,, Gy, and G,
in dust samples collected from three food-processing plants (for co-
cog, coffee, and spices) in Tuscany, Italy; concentrations ranged from
below the level of detection (< 0.000002 pg/m®) to 0.00013 pug/m?
(Brera et al. 2002).

Regulations

Environmental Protection Agency (EPA)

Resource Conservation and Recovery Act

Listed as hazardous constituents of waste.

Food and Drug Administration (FDA)

Ingredients susceptible to contamination with aflatoxins must comply with FDA rules in the
manufacturing and processing of food.

Carbohydrase may be safely used inthe production of dextrose from starch, provided that aflatoxin is
not present.

Action levels for aflatoxins in foods and animal feed range from 0.5 to 300 ppb.
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Alcoholic Beverage Consumption

CAS No.: none assigned
Known to be a human carcinogen

First listed in the Ninth Report on Carcinogens (2000)

Carcinogenicity
Consumption of alcoholic beverages is known to be a human car-

cinogen based on sufficient evidence of carcinogenicity from stud-
ies in humans.

Cancer Studies in Humans

Studies indicate that the risk of cancer from consumption of alcoholic
beverages is most pronounced among smokers and at the highest lev-
els of consumption. Consumption of alcoholic beverages has been
shown to cause cancer of the mouth, pharynx, larynx, and esopha-
gus. Cohort and case-control epidemiological studies in a variety of
human populations are consistent in reporting moderate to strong
associations between alcohol consumption and cancer at these four
sites, and the risk of cancer increases with increasing consumption
level. The effect of a given level of alcoholic beverage intake on the
absolute risk of cancer at these four tissue sites is influenced by other
factors, especially smoking. However, smoking does not explain the
observed increased risk of cancer associated with increased alcoholic
beverage consumption. Evidence also supports a weaker, but possi-
bly causal, relationship between alcoholic beverage consumption and
cancer of the liver and breast (IARC 1988, Longnecker 1994, Long-
necker and Enger 1996).

Since alcoholic beverage consumption was reviewed for listing in
the Ninth Report on Carcinogens in 2000, the International Agency for
Research on Cancer has reevaluated the evidence for the carcinoge-
nicity of alcoholic beverage consumption (Baan et al. 2007, Secretan
et al. 2009) and concluded that there was sufficient evidence of carci-
nogenicity in humans. The 2007 and 2009 reviews concluded that al-
coholic beverage consumption caused cancer of the mouth, pharynx,
larynx, esophagus, liver, colorectum, and female breast.

Cancer Studies in Experimental Animals

No adequate studies of the carcinogenicity of alcoholic beverages in
experimental animal have been reported. The results of studies spe-
cifically examining the carcinogenicity of ethanol in experimental
animals do not suggest that the ethanol component of alcoholic bev-
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erages is solely responsible for the increased risk of cancer associated
with human consumption of alcoholic beverages.

Studies on Mechanisms of Carcinogenesis

The mechanism by which consumption of alcoholic beverages causes
cancer in humans has not been established. Increased frequencies
of chromosomal aberrations, sister chromatid exchange, and aneu-
ploidy were found in the peripheral-blood lymphocytes of alcoholics.
Ethanol-free extracts of some alcoholic beverages caused mutations
in bacteria and sister chromatid exchange in cultured human cells
(IARC 1988).

Properties

Ethanol and water are the main constituents of most alcoholic bev-
erages. Based on the standard measures for most drinks, the amount

of ethanol consumed is similar for beer, wine, and spirits (10 to 14 g).
Beer, wine, and spirits also contain volatile and nonvolatile flavor

compounds that originate from raw materials, fermentation, wooden

casks used for maturation, and synthetic substances added to spe-
cially flavored beverages. Although the exact composition of many al-
coholic beverages is confidential business information, many studies

have identified the organic compounds typically present at low levels.
Several of the components and contaminants identified in beer, wine,
and spirits are known or suspected human carcinogens, including

acetaldehyde, nitrosamines, aflatoxins, ethyl carbamate (urethane),
asbestos, and arsenic compounds (IARC 1988).

Use

Alcoholic beverages have been made and used by most societies for

thousands of years (IARC 1988). Consumption trends, including over-
all level of alcohol consumption, beverage choice, age and sex differ-
ences, and temporal variations, differ among and within societies. In

many cultures, alcohol also has been used in medicine and various

pharmaceutical preparations, in religious observances, and in feast-
ing and celebrations.

Production

All alcoholic beverages are produced by the fermentation of fruit or
other vegetable matter. Most commercial and home production is of
fermented beverages that are classified, based on raw materials and
production methods used, as beer, wine, or spirits; smaller quanti-
ties of other kinds of fermented beverages (e.g., cider, rice wine, palm
wine) also are produced. Beer is produced by fermentation of malted
barley or other cereals with the addition of hops. Wine is made from
fermented grape juice or crushed grapes; fortified wines include ad-
ditional distilled spirits. Distilled spirits originate from sources of
starch or sugar, including cereals, molasses from sugar beets, grapes,
potatoes, cherries, plums, and other fruits; after sugar fermentation,
the alcohol content is increased by means of liquid distillation. Al-
though ethanol can be chemically synthesized from ethylene, the
alcoholic beverage industry does not synthesize alcohol for use in
beverages, because of the presence of impurities from the synthetic
process (IARC 1988).

In 1990, the United States produced 4.5 million metric tons (10
billion pounds) of wine, 375 million hectoliters (10 billion gallons)
of beer, and 18.5 million hectoliters (490 million gallons) of spirits
(ARF 1994). Total world production was 29 million metric tons (6.4
billion pounds) of beer, 1 million hectoliters (26.4 million gallons)
of wine, and 58 million hectoliters (1.5 billion gallons) of spirits. In
2008, U.S. per-capita consumption was 21.8 gal of beer, 2.5 gal of
wine, and 1.4 gal of distilled spirits (USDA 2010). In 2009, U.S. im~
ports and exports of various categories of beer, wine, distilled spirits,
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and other alcoholic beverages ranged from millions to billions of
liters (USITC 2009).

Exposure

Alcohol consumption showed a downward trend in the United States

and many European countries from the turn of the twentieth century
until the period between the two world wars. U.S. alcohol consump-
tion increased from the 1940s until the early 1980s and then began a

steady decrease. By 1993, consumption reached the lowest level since

1964; apparent per-capita consumption expressed in gallons of pure

alcohol per year was approximately 1.6 gal in 1940, 2.2 gal in 1964,
2.8 gal in 1980, and 2.2 gal in 1993. Most of the decrease in alcohol

consumption can be attributed to decreased consumption of spirits.
While overall alcohol consumption was falling, per-capita consump-
tion of wine and beer in the United States was relatively stable from

the early 1980s into the 1990s (Williams et al. 1995). Per-capita con-
sumption of wine was the same in 1993 as in 1977, while consump-
tion of spirits fell by almost 35% over the same period. Per-capita

consumption of beer decreased from 1981 to 1985, fluctuated there-
after, and in 1993 was 1% below 1977 consumption levels (NIAAA
1997). The total number of drinks consumed in the United States in

1999 was about 65.5 billion for beer, 13.7 billion for wine, and 29.3

billion for distilled spirits. Underage drinkers (aged 12 to 20) con-
sumed 19.7% of the total, and adult excessive drinkers (more than 2

drinks per day) consumed 46.3%. The heaviest adult drinkers (high-
est 2.5%) consumed 27% of the total (Foster et al. 2003).

Since 1971, the Substance Abuse and Mental Health Services Ad-
ministration has conducted an annual survey on the use of alcohol,
tobacco, and illicit drugs by the civilian noninstitutionalized popu-
lation of the United States aged 12 years or older (SAMHSA 2009).
This survey, now called the National Survey on Drug Use and Health
(formerly the National Household Survey on Drug Abuse) reports
prevalence and trends of alcohol consumption at three levels: (1) cur-
rent use (at least one drink in the past 30 days), (2) binge use (five or
more drinks on the same occasion at least once in the past 30 days),
and (3) heavy use (five or more drinks on the same occasion on at
least 5 different days in the past 30 days). In the 2008 survey, 51.6%
of respondents reported alcohol use during the past vear; this was
significantly lower than the 61.9% reported in 2000 and the peak of
72.9% reported in 1979 (Foster et al. 2003, SAMHSA 2009). In 2008,
51.6% of repondents (about 129 million) were current drinkers, 23.3%
(about 58.1 million) were binge drinkers, and 6.9% (about 17.3 mil-
lion) were heavy drinkers. Both binge and heavy drinking were most
prevalent young adults (aged 18 to 25). In all age groups except the
youngest (aged 12 to 17), men were more likely than women to re-
port drinking alcohol in the past month (SAMHSA 2009).

Regulations

Bureau of Alcohol, Tobacco, Firearms, and Explosives

Alcoholic beverages sold or distributed in the United States, or to members of the Armed Forces outside
the United States, must contain a specified health-warning label.
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2-Aminoanthraquinone
CAS No. 117-79-3

Reasonably anticipated to be a human carcinogen

First listed in the Third Annual Report on Carcinogens (1983)
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Carcinogenicity

2-Aminoanthraquinone is reasonably anticipated to be a human car-
cinogen based on sufficient evidence of carcinogenicity from studies
in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to 2-aminoanthraquinone caused tumors in two ro-
dent species and at two different tissue sites. Dietary administration
of 2-aminoanthraquinone caused liver cancer (hepatocellular carci-
noma) in mice of both sexes and increased the combined incidence
of benign and malignant liver tumors (hepatocellular adenoma and
carcinoma) in male rats. It also caused lymphoma in female mice
(NCI 1978).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to 2-amino-~
anthraquinone.

Properties

2-Aminoanthraquinone is an aromatic amine that exists at room tem-
perature as red needle-like crystals or a dark-brown granular solid
(NCI 1978). It is practically insoluble in water and diethyl ether,
slightly soluble in ethanol, and soluble in chloroform, benzene, and
acetone (IARC 1982). It decomposes at its melting point (NCI 1978).
Physical and chemical properties of 2-aminoanthraquinone are listed
in the following table.
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Property Information
Molecular weight 223.2¢
Density 145 g/mL®
Melting point 302°C*

Log K., 337°

Water solubility 0.163 mg/L at 25°C*
Vapor pressure 5% 107" mm Hg®

Sources: *HSDB 2009, "Akron 2009, “ChemiDplus 2009.

Use

2-Aminoanthraquinone is used as an intermediate in the industrial
synthesis of anthraquinone dyes and pharmaceuticals (HSDB 2009).
It is the precursor of 22 dyes and 4 pigments, which include the fol-
lowing: C.L vat blue 4, 6, 12, and 24, vat yellow 1, and pigment blue 22
(NCI 1978). These dyes are used in automotive paints, high-quality
paints and enamels, plastics, rubber, and printing inks, and as tex-
tile dyes (HSDB 2009).

Production

2-Aminoanthraquinone was first produced commercially in the
United States in 1921 (IARC 1982). In 1965, 520,000 kg (1.1 mil-
lion pounds) was produced in the United States, but production had
decreased to 200,000 1b by 1971 (NCI 1978, IARC 1982). In 2009,
2-aminoanthraquinone was produced by five manufacturers world-
wide (three in China, one in Europe, and one in India) (SRI 2009) and
was available from 21 suppliers, including 10 U.S. suppliers (Chem-
Sources 2009). In 1974, 360,000 Ib of 2-aminoanthraquinone was im-
ported into the United States (NCI 1978}, but by 2000, imports had
decreased to 1 kg (2.2 1b) (USITC 2009). No other data on U.S. im-
ports or exports of 2-aminoanthraquinone were found.

Exposure

The primary route of potential human exposure to 2-aminoanthra-
quinone is dermal contact (NCI 1978). Consumers may potentially
be exposed to 2-aminoanthraquinone through contact with products
containing residues of anthraquinone dyes. Data were not available
on the levels of 2-aminoanthraquinone impurities in the final dyes,
the potential for consumer exposure, or the potential for human up-
take. No environmental releases of 2-aminoanthraquinone were re-
ported in the U.S. Environmental Protection Agency’s Toxics Release
Inventory. If released to the environment, 2-aminoanthraquinone is
expected to exist as a particulate in the atmosphere and to be removed
by deposition to water and soil. If released to water, it is expected to
adsorb to sediment and not volatilize to the atmosphere. In soil, it is
expected to be immobile. It is not expected to biodegrade and has a
low potential for bicaccumulation (HSDB 2009).

Because 2-aminoanthraquinone is used on a commercial scale
solely by the dve industry, the potential for occupational exposure
is greatest for workers at dye-manufacturing facilities. No data were
available on the number of facilities using 2-aminoanthraquinone or
on the numbers of workers potentially exposed.

Regulations

Environmental Protection Agency (EPA)
Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
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o-Aminoazotoluene
CAS No. 97-56-3

Reasonably anticipated to be a human carcinogen
First listed in the Fifth Annual Report on Carcinogens (1989)

Also known as C.I solvent yellow 3 or fast garnet GBC base

Carcinogenicity
o-Aminoazotoluene is reasonably anticipated to be a human carcin-

ogen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

o-Aminoazotoluene caused tumors in several species of experimen-
tal animals, at several different tissue sites, and by several different
routes of exposure. Dietary administration of o-aminoazotoluene
caused benign and/or malignant liver tumors in mice of both sexes
(hepatocellular adenoma or carcinoma), male rats (adenoma, hepato-
cellular carcinoma, cholangioma, or other carcinoma), hamsters of
both sexes (hepatocellular adenoma or carcinoma), and dogs of un-
specified sex (hepatocellular adenoma or carcinoma, adenocarci-
noma, or cholangioma). In mice of both sexes, it also caused lung
tumors and benign blood-vessel tumors (hemangioendothelioma in
the lung). In addition, urinary-bladder cancer was observed in ham-
sters of both sexes (papillary or transitional-cell carcinoma) and in
dogs of unspecified sex {(carcinoma); gallbladder tumors in female
hamsters (papilloma or carcinoma) and in dogs of unspecified sex
(adenocarcinoma); and mammary-gland cancer (adenocarcinoma)
in female hamsters (IARC 1975).

Dermal exposure to o-aminoazotoluene caused liver tumors in
mice of unspecified sex. Administration of o-aminoazotoluene by
subcutaneous or intramuscular injection caused hepatocellular liver
tumors in female mice, rats of unspecified sex, and newborn mice of
both sexes (following a single subcutaneous injection). Also observed
were lung tumors in adult and newborn mice of both sexes and cancer
at the injection site (fibrosarcoma) in female mice. Administration of
o-aminoazotoluene by intraperitoneal injection caused hepatocellu-
lar liver tumors in mice of both sexes. Benign urinary-bladder tumors
(papilloma) following intravesicular instillation in mice and intrave-
sicular implantation in rabbits may also have been exposure-related.
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Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to o-amino-
azotoluene.

Properties

o-Aminoazotoluene is an azo dye that exists at room temperature as

odorless reddish-brown to golden crystals or an orange powder. It

is practically insoluble in water and soluble in alcohol, ether, chlo-
roform, oils, fats, acetone, cellusolve, and toluene. It remains stable

under normal temperatures and pressures (IARC 1975, Akron 2009).
Physical and chemical properties of o-aminoazotoluene are listed in

the following table.

Property Information
Molecular weight 225.3?

Density 1.21 g/em®
Melting point 101°C to 102°C*
Log K., 3.92°

Water solubility 7.64 mg/L at 25°C°

Vapor pressure 7.5% 107 mm Hg at 25°C*

Sources: HSDB 2009, ®Akron 2009,

Use

o-Aminoazotoluene is used to color oils, fats, and waxes (IARC 1975).
It is also used as a chemical intermediate for the production of the
dyes C.L solvent red 24 and C.I. acid red 115 (HSDB 2009).

Production

Large-scale production of o-aminoazotoluene in the United States
began in 1914 (IARC 1975). Solvent vellow 3 was manufactured by
one U.S. plant in 1979; however, no quantities were reported. In 2009,
o-aminoazotoluene was produced by one manufacturer in Mexico
(SRI 2009) and was available from 19 suppliers worldwide, includ-
ing 14 U.S. suppliers (ChemSources 2009). No data on U.S. imports
or exports of o-aminoazotoluene were found.

Exposure

The primary routes of potential human exposure to o-aminoazotol-
uene are dermal contact and inhalation. o-Aminoazotoluene is not
used directly in foods, drugs, or cosmetics JARC 1975). The U.S. En-
vironmental Protection Agency’s Toxics Release Inventory reported
environmental releases of o-aminoazotoluene to air in 1988 (250 1b)
and 1991 (5 Ib) and to surface water in 1990 (5 Ib) (TRI 2009). Occu-
pational exposure may occur through inhalation of dust or by dermal
contact during production, formulation, or use of v-aminoazotolu-
ene (HSDB 2009). The National Occupational Exposure Survey {con-
ducted from 1981 to 1983) estimated that 1,449 workers potentially
were exposed to o-aminoazotoluene (in the Chemicals and Allied
Products and the Transportation Equipment industries); none of
these workers were women (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)
Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
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4-Aminobiphenyl
CAS No. 92-67-1

Known to be a human carcinogen
First listed in the First Annual Report on Carcinogens (1980)

Also known as para-aminodiphenyl
\ } """"" </ """" "
Carcinogenicity

4-Aminobiphenyl is known to be a human carcinogen based on suffi-
cient evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Cancer of the urinary bladder was first reported to be associated
with occupational exposure to 4-aminobiphenyl in a descriptive ep-
idemiological study (published in the mid 1950s), in which 11% (19
of 171) of workers in a plant manufacturing 4-aminobiphenyl devel-
oped urinary-bladder cancer. These workers had been exposed to
4-aminobiphenyl for 1.5 to 19 years between 1935 and 1955. Publi-
cation of this study led to an effort to discontinue production and use
of 4-aminobiphenyl. Starting in 1955, 541 workers who had been ex-
posed to 4-aminobiphenyl were followed for an additional 14 years;
43 men (7.9%) developed histologically confirmed urinary-bladder
cancer. In a survey of workers at a plant producing a variety of chem-
icals, the risk of mortality from urinary-bladder cancer was elevated
tenfold, and all of the men who died of urinary-bladder cancer had
worked at the plant during the period when 4-aminobiphenyl was
used (1941 through 1952). The International Agency for Research on
Cancer concluded that there was sufficient evidence of the carcino-
genicity of 4-aminobiphenyl in humans (IARC 1972, 1987).

Since 4-aminobiphenyl was listed in the First Annual Report on
Carcinogens, most research on its carcinogenicity has focused on
exposure from cigarette smoking. Epidemiological studies have re-
ported the incidence of urinary-bladder cancer to be 2 to 10 times
as high among cigarette smokers as among nonsmokers. Higher
levels of 4-aminobiphenyl adducts (4-aminobiphenyl metabolites
bound to DNA or protein) were detected in bladder tumors (DNA
adducts) and red blood cells (hemoglobin adducts) from smokers than
from nonsmokers (Feng et af. 2002). In a case-control study, levels
of 4-aminobiphenyl-hemoglobin adducts were higher in smokers
with urinary-bladder cancer than in a control group of similarly ex-
posed smokers (Del Santo et al. 1991). A Taiwanese study reported
that 4-aminobiphenyl-hemoglobin adducts were associated with in-
creased risk of liver cancer (Wang et al. 1998).

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of 4-aminobiphe-
nyl from studies in experimental animals. Oral exposure to 4-amino-
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biphenyl caused urinary-bladder cancer (carcinoma) in mice, rabbits,
and dogs and blood-vessel cancer (angiosarcoma) and liver tumors
in mice. 4~-Aminobiphenyl administered to rats by subcutaneous in-
jection caused mammary-gland and intestinal tumors (IARC 1987).

Studies on Mechanisms of Carcinogenesis

4-Aminobiphenyl caused genetic damage in several test systems, in-
cluding mutations in bacteria and in cultured human and other mam-
malian cells. Other types of genetic damage included mitotic gene

conversion in yeast, transformation of cultured mammalian cells, and

inhibition of DNA repair in bacteria and cultured mammalian cells.
Genetic damage in experimental animals exposed in vivo to 4-amino-
biphenyl included micronucleus formation, chromosomal aberrations,
and sister chromatid exchange (IARC 1987, Shelby et al. 1989, Gene-
Tox 1998, HSDB 2009).

The mechanism by which 4-aminobiphenyl causes cancer is
thought to require its metabolism to a reactive form. When aryl-
amines, such as 4-aminobiphenyl, are metabolized, they can be either
activated via N-hydroxylation (by cytochrome P450 liver enzymes) or
detoxified via pathways such as N-acetylation. The N-hydroxylamine
metabolites can form adducts with blood-serum proteins (such as he-
moglobin or albumin), which circulate freely, or they can undergo
further transformation to form reactive compounds that can be trans-
ported to the bladder and can bind to DNA (Yu et al. 2002). 4-Amino-
biphenyl-DNA adducts have been found in urinary-bladder epithelial
cells from exposed dogs and humans, and 4-aminobiphenyl—protein
adducts have been found in serum albumin from exposed rats and
in hemoglobin from humans exposed via cigarette smoking (IARC
1987, Feng et al. 2002). Moreover, cigarette smokers who were slow
acetylators (with inefficient versions of the enzyme N-acetyltransfer-
ase) had higher levels of 4-aminobiphenyl-hemoglobin adducts than
did smokers who were rapid acetylators (Vineis 1994).

Properties

4-Aminobiphenyl is an aromatic amine (arylamine) that exists at
room temperature as a colorless crystalline solid with a floral odor.
It is slightly soluble in cold water, but readily soluble in hot water. It
is soluble in ethanol, ether, acetone, chloroform, and lipids. It oxi-
dizes in air and emits toxic fumes when heated to decomposition
(Akron 2009). Physical and chemical properties of 4-aminobiphenyl
are listed in the following table.

Property Information
Molecular weight 169.2

Specific gravity 1.16

Melting point 53.5°C

Boiling point 302°C

Log K, 286atpH7.5
Water solubility 0.224 g/L at 25°C

Vapor pressure 5.79x 10™* mm Hg at 25°C
Vapor density relative to air 58
Dissociation constant (pK,) 4.35at 18°C

Source: HSDB 2009.

Use

In the United States, 4-aminobiphenyl now is used only in laboratory
research. It formerly was used commercially as a rubber antioxidant,
as a dye intermediate, and in the detection of sulfates (HSDB 2009).
Production

Because of its carcinogenic effects, 4-aminobiphenyl has not been
produced commercially in the United States since the mid 1950s
(Koss et al. 1969). It was present in the drug and cosmetic color ad-
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ditive D&C yellow no. 1; however, use of this color additive was dis-
continued in the late 1970s (HSDB 2009). 4-Aminobiphenyl has been
reported to be formed by the decomposition of 1,3-diphenyltriazene
produced by the reaction of diazoaniline and aniline during manu-
facture of the dye D&C red no. 33 (Bailey 1985). In 2009, 4-amino-
biphenyl (for use in research) was available from 11 U.S. suppliers,
including one company that supplied bulk quantities (ChemSources
2009). 4-Aminobiphenyl also has been reported as a contaminant in
diphenylamine (HSDB 2009).

Exposure

The potential for exposure to 4-aminobiphenyl is low, because it has
no commercial uses. Mainstream cigarette smoke was reported to
contain 4-aminobiphenyl at levels of 2.4 to 4.6 ng per cigarette (unfil-
tered) and 0.2 to 23 ng per cigarette (filtered), and sidestream smoke
contained up to 140 ng per cigarette (Patrianakos and Hoffmann
1979, Hoffman et al. 1997). 4-Aminobiphenyl may be present in the
the color additives FD&C yellow no. 5 and vellow no. 6 and D&C red
no. 33 at levels established by the FDA (see Regulations). The concen-
tration of 4-aminobiphenyl in D&C red no. 33 was reported to range
from 151 to 856 ppb (mean = 567 ppb) for 10 commercial samples of
the dye certified by the FDA in 1983; an eleventh sample contained
more than 6,500 ppb 4-aminobiphenyl and was reported to be with-
drawn by the manufacturer (Bailey 1985). No data were identified on
concentrations of 4-aminobiphenyl in foods prepared with any of the
dyes in which 4-aminobiphenyl was permitted, but several studies
have reported detectable levels of 4-aminobiphenyl adducts in pan-
creatic DNA (Ricicki et al. 2005) and in hemoglobin (Sarkar et al. 2006,
Peluso et al. 2008) in both smokers and nonsmokers.

The U.S. Environmental Protection Agency’s Toxics Release In-
ventory listed only one facility reporting environmental releases of
4-aminobiphenyl, which ranged from 2 to 48 Ib per year from 1988 to
2001, except in 1997 and 1998, when no releases were reported. Most
of the releases were to underground injection wells; small amounts
were released to air in 1988, 1989, and 2000 (TRI 2009).

At greatest risk for occupational exposure are laboratory techni-
cians and scientists who use 4-aminobiphenyl in research.

Regulations

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.
Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ)=11b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

The color additives FD&C yeliow no. 5 and yellow no. 6 and D&C red no. 33 may contain
4-aminobipheny! at maximum levels that range from 5 to 275 ppb.
The color additive Ext. D&Cyellow no. 1 is banned because of contamination with 4-aminobiphenyl.

Occupational Safety and Health Administration (OSHA)

Potential occupational carcinogen: Engineering controls, work practices, and personal protective
equipment are required.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value — time-weighted average (TLV-TWA) = exposure by all routes should be as low
as possible.

National Institute for Occupational Safety and Health (NIOSH)
Listed as a potential occupational carcinogen.
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CAS No. 81-49-2

Reasonably anticipated to be a human carcinogen
First listed in the Eleventh Report on Carcinogens (2004)
Also known as ADBAQ

NH, O
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1-Amino-2,4-dibromoanthraquinone

Carcinogenicity
1-Amino-2,4-dibromoanthraquinone (ADBAQ) is reasonably antic-

ipated to be a human carcinogen based on sufficient evidence from
studies in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to ADBAQ caused tumors at several different tissue
sites in rats and mice. ADBAQ administered in the diet caused be-
nign and malignant liver tumors (hepatocellular adenoma and car-
cinoma) in rats and mice of both sexes. In rats of both sexes, it also
caused cancer of the large intestine (carcinoma) and urinary bladder
(transitional-cell carcinoma) and increased the combined frequency
of benign and malignant kidney tumors (renal-tubule adenoma and
carcinoma). In mice of both sexes, it also caused cancer of the fore-
stomach (squamous-cell carcinoma) and increased the combined in-
cidence of benign and malignant lung tumors (alveolar/bronchiolar
adenoma and carcinoma) (NTP 1996).

Cancer Studies in Humans

Two epidemiological cohort studies evaluated the risk of cancer
among workers in plants manufacturing anthraquinone dyes; how-
ever, it is not known whether workers were exposed specifically to
ADBAQ (Gardiner et al. 1982, Delzell ef al. 1989). Some evidence
suggests that anthraquinone-dye workers may have an increased risk
of cancer. Significant excesses of esophageal and prostate cancer oc-
curred among workers in some areas of an anthraquinone-dyestuffs
plant in Scotland, and excesses of lung and central-nervous-system
cancer occurred among workers at a New Jersey anthraquinone dye
and epichlorohydrin plant (Barbone et al. 1992, 1994, Sathiakumar
and Delzell 2000). Nevertheless, estimates of risk in all studies were
based on small numbers of cancer deaths, and workers may have been
exposed to other carcinogens.

Studies on Mechanisms of Carcinogenesis

ADBAQ is rapidly absorbed from the gastrointestinal tract and dis-
tributed to most soft tissues. The majority of ADBAQ is metabo-
lized, and both ADBAQ and its metabolites are excreted in the feces
and urine. However, the metabolites of ADBAQ have not been iden-
tified (NTP 1996). Evaluation of ADBAQ’s genetic effects has been
hindered by its limited solubility. ADBAQ caused mutations in some
strains of bacteria but not in cultured rodent cells, which were tested
at lower concentrations (Haworth ef al. 1983, NTP 1996). In cultured
mammalian cells, ADBAQ caused chromosomal aberrations and sis-
ter chromatid exchange; however, the results varied among labora-
tories and among trials at the same laboratory (Loveday et al. 1990,
NTP 1996). Point mutations in the ras proto-oncogene occurred at a
higher frequency in forestomach and lung tumors from the two-year
carcinogenicity study of ADBAQ-exposed mice than in spontaneous
tumors from control mice not exposed to ADBAQ. The predominant
types of mutations were A to T transversions and A to G transitions,
suggesting that ADBAQ or its metabolites target adenine bases in
the ras proto-oncogene (Hayashi et al. 2001).

The mechanism by which ADBAQ causes cancer is not known.
Four other anthraquinones (2-aminoanthraquinone, 1-amino-2-
methylanthraquinone, danthron [1,8-dihydroxyanthraquinone], and
disperse blue 1 [1,4,5,8-tetraaminoanthraquinone]) are listed in the
Report on Carcinogens as reasonably anticipated to be a human car-
cinogen. There is no evidence to suggest that mechanisms by which
ADBAQ causes tumors in experimental animals would not also op-
erate in humans.
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Properties

ADBAQ is an anthraquinone-derived vat dye that is a reddish-brown
to orange powder at room temperature (NTP 1996). It is insoluble in
water, making it a colorfast dye. Physical and chemical properties of
ADBAQ are listed in the following table.

Property Information
Molecular weight 3812

Melting point 221°C?

Log Ky, 531°

Water solubility 0.000015 g/L at 25°C°

Vapor pressure 1.44 x 107 mm Hg at 25°C*
Sources: *HSDB 2009, ®°ChemiDplus 2009.

Use

ADBAQ and other aminoanthraquinones are key intermediates in

the production of almost all anthraquinone dyes (HSDB 2009). An-
thraquinones, including ADBAQ, are widely used as starting material

for the manufacture of vat dyes, which are a class of water-insoluble

dyes that can easily be reduced to a water-soluble and usually color-
less form. In this form, they are readily impregnated into fibers and

textiles. Oxidation then produces an insoluble colored form that is

remarkably fast to washing, light, and chemicals. Vat dyes typically
are used with cotton, wool, and cellulose acetate (NTP 1996).

Production

ADBAQ is prepared from 1-aminoanthraquinone by bromination in
dilute mineral acids (HSDB 2009). In 2009, ADBAQ was produced
by one manufacturer in China and was available from at least five
U.S. suppliers (SRI 2009, ChemSources 2009). In 1991, U.S. produc-
tion of all vat dyes totaled 14 million kilograms (31 million pounds)
(NTP 1996).

Exposure

The primary route of potential exposure to ADBAQ is through dermal

contact. Because ADBAQ has a very low vapor pressure, inhalation

exposure to vapor is unlikely; however, contaminated dust particles

could be inhaled. ADBAQ is not known to be formed naturally in

the environment, but may be released into the environment during

its production or through its use in the production of anthraquinone

dyes. ADBAQ was detected in raw wastewater of a dve manufactur-
ing plant in four of eight samples, at concentrations of 92 to 170 ppb.
However, it was not detected in the final effluent before its release

into a nearby river or in sediments from the river, which suggests that

ADBAQ may have been biodegraded or adsorbed to sludge during

wastewater treatment (HSDB 2009). No information was found on

occupational exposure specifically to ADBAQ or to anthraquinone

dyes in general; however, epidemiological studies indicated occupa-
tional exposure to anthraquinone dyes in a New Jersey dye and resin

manufacturing plant (Sathiakumar and Delzell 2000).

Regulations

No regulations or guidelines relevant to reduction of exposure spe-
cifically to ADBAQ were identified.
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1-Amino-2-methylanthraquinone
CAS No. 82-28-0

Reasonably anticipated to be a human carcinogen

First listed in the Third Annual Report on Carcinogens (1983)

NH, O

HzC

Carcinogenicity
1-Amino-2-methylanthraquinone is reasonably anticipated to be a

human carcinogen based on sufficient evidence of carcinogenicity
from studies in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to 1-amino-2-methylanthraquinone caused tumors in

two rodent species and at two different tissue sites. Dietary adminis-
tration of technical-grade 1-amino-2-methylanthraquinone increased

the combined incidence of benign and malignant liver tumors (hepa-
tocellular adenoma and carcinoma) in female mice. In rats, it caused

liver cancer in both sexes and increased the combined incidence of
benign and malignant kidney tumors (tubular-cell adenoma and car-
cinoma and adenocarcinoma) in males (NCI 1978).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to 1-amino-
2-methylanthraquinone.

Properties

1-Amino-2-methylanthraquinone is an anthraquinone dye and dye
intermediate that exists as an orange solid at room temperature (NCI
1978). It is practically insoluble in water; soluble in acetone, benzene,
ethanol, ethylene glycol, monoethyl ether, and linseed oil; and slightly
soluble in carbon tetrachloride (IARC 1982, ChemIDplus 2009). Phys-
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ical and chemical properties of 1-amino-2-methylanthraquinone are
listed in the following table.

Property Information
Molecular weight 237.3°

Melting point 206°C°

Log K, 4.07°

Water solubility 0332 mg/L at 25°C°

Vapor pressure 3.82 % 10°° mm Hg at 25°CP
Sources: *HSDB 2009, *ChemIDplus 2009.

Use

1-Amino-2-methylanthraquinone was used almost exclusively as a dye
and as an intermediate in the production of dyes. It was used as a dye
for synthetic fibers, furs, and thermoplastic resins. The only dyes de-~
rived from 1-amino-2-methylanthraquinone that were produced in
the United States were C.L acid blue 47, last produced in 1973, and
C.L solvent blue 13, last produced in 1974 (IARC 1982, HSDB 2009).

Production

U.S. production of 1-amino-2-methylanthraquinone began in 1948
and ended in 1974 (JARC 1982). In 2009, 1-amino-2-methylanthra-
quinone was produced by one manufacturer in Europe (SRI 2009)
and was available from twelve suppliers, including three U.S. sup-
pliers (ChemSources 2009). U.S. imports of 1-amino-2-methyl-
anthraquinone were last reported in 1972, when 120 kg (265 Ib) was
imported (IARC 1982).

Exposure

The primary routes of potential human exposure to 1-amino-2-
methylanthraquinone are inhalation and dermal contact. The poten-
tial for exposure is limited, because 1-amino-2-methylanthraquinone
is no longer produced commercially in the United States or reported
to be imported. No data were found on environmental releases of
1-amino-2-methylanthraquinone. The potential for occupational ex-
posure was greatest among workers engaged in textile dyeing; how-
ever, no data were found on the numbers of workers potentially
exposed (HSDB 2009).

Regulations

Environmental Protection Agency (EPA)
Emergency Planning and Community Right-To-Know Act
Toxics Release Inventory: Listed substance subject to reporting requirements.
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Amitrole

Amitrole
CAS No. 61-82-5

Reasonably anticipated to be a human carcinogen

First listed in the Second Annual Report on Carcinogens (1981)

NH,

Carcinogenicity
Anmitrole is reasonably anticipated to be a human carcinogen based

on sufficient evidence of carcinogenicity from studies in experimen-
tal animals.

Cancer Studies in Experimental Animals

Amitrole caused tumors in two rodent species, at two different tissue
sites, and by two different routes of exposure. Amitrole caused can-
cer of the thyroid gland (follicular-cell carcinoma) and liver tumors
(hepatocellular tumors) when administered to rats of both sexes in
the feed or drinking water and to 7-day-old weanling mice of both
sexes by stomach tube for three weeks and in the diet starting at four
weeks of age. It also caused liver and thyroid-gland tumors in rats (of
unspecified sex) when administered by subcutaneous injection IARC
1974, Tsuda et al. 1976).

Since amitrole was listed in the Second Annual Report on Car-
cinogens, additional studies in rodents have been identified. Dietary
administration of amitrole caused cancer of the thyroid gland (fol-
licular-cell carcinoma) in rats of both sexes and marginally increased
the incidence of benign pituitary-gland tumors (adenoma) in female
rats (IARC 1986, 1987, 2001). Dietary administration of amitrole to fe-
male mice nursing pups and then to the weaned offspring caused liver
cancer (hepatocellular carcinoma) in the male offspring (IARC 1986).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to amitrole. A small cohort study of Swedish railroad work-
ers who had spraved herbicides found a statistically significant excess
of all cancers among those exposed to both amitrole and chloro-
phenoxy herbicides, but not among those exposed mainly to ami-
trole (IARC 1974).

Properties

Amitrole is a triazole compound that is a colorless to white crystalline
solid at room temperature (Akron 2009, HSDB 2009). It forms salts
with most acids and bases and is a powerful chelating agent (IPCS
1994), It is soluble in water, ethanol, methanol, chloroform, and ace-
tonitrile; sparingly soluble in ethyl acetate; and insoluble in acetone
(HSDB 2009). Amitrole is stable under normal temperatures and pres-
sures, but decomposes on exposure to light (Akron 2009). Physical
and chemical properties of amitrole are listed in the following table.

Property Information
Molecular weight 84.1°

Specific gravity 1.14 mg/mL at 20°C*
Melting point 159°C?

Log K, -0.97°

Water solubility 280 g/L at 25°C7

Vapor pressure 4.4x 107 mm Hg at 25°C°
Dissociation constant (pK,) 4.2b

Sources: “HSDB 2009, *ChemiDplus 2009.
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Use

Amitrole was first registered for use as an herbicide in the United
States in 1948 but was not commercialized until the 1950s (EPA 1996).
In 1958, food-crop use was limited to post-harvest application to
cranberries (EPA 1996, IARC 2001). Registrations for use on food
crops were cancelled by the U.S. Environmental Protection Agency
in 1971, after which amitrole was used primarily as a non-selective
terrestrial post-emergent herbicide in outdoor industrial areas, non-
agricultural rights of way, and non-agricultural uncultivated areas
to treat vines, shade trees, ornamental shrubs and trees, and soil.
Amitrole has a wide spectrum of activity against annual and peren-
nial broad-leaf and grass-type weeds. Approved uses on soil were
for non-crop land prior to sowing and for inter-row weed control
in tree and vine crops, where contact with food plants was avoided
(IPCS 1994). Limitations on the use of amitrole included not feed-
ing or grazing animals on land treated with amitrole and not apply-
ing it directly to water or wetlands. Amitrole was usually applied by
fixed-boom sprayers attached to tractors, trucks, or railroad wagons
(EPA 1996, TARC 2001).

Production

Amitrole was first synthesized in 1898 (IARC 2001). At one time, 40
registered pesticide products contained amitrole as an active ingre-
dient; however, no active registered products in the United States
now contain amitrole (EPA 2009). Amitrole was not reported to be
produced commercially in the United States in surveys conducted
in 1978 and 1982 (HSDB 2009). In 2009, amitrole was produced by
one manufacturer in Europe and two manufacturers in East Asia (SRI
2009) and was available from 34 suppliers, including 23 U.S. suppliers
(ChemSources 2009). Reported U.S. imports of amitrole were 1.2 mil-
lion pounds in 1978, but had declined to 465,000 1b by 1982 (HSDB
2009). No data on U.S. imports or exports after 1985 were found. A
report filed in 1990 under EPA’s Toxic Substances Control Act Inven-
tory Update Rule indicated that U.S. production plus imports of am-
itrole totaled 10,000 to 500,000 b (EPA 2004); no inventory update
reports were filed for amitrole in 1994, 1998, or 2002.

Exposure

The routes of potential human exposture to amitrole are inhalation,
dermal contact, and ingestion (HSDB, 2009). Exposure of the general
population could occur through ingestion of contaminated drinking
water. Because amitrole is not registered for food-crop uses, there is
no known dietary exposure. In 1958 and 1959, amitrole residues were
found on cranberries (EPA 1996, HSDB 2009). No amitrole residues
were detected in food or water when recommended use practices
were followed (IPCS 1994). Exposure could previously have occurred
through inhalation near herbicide manufacturing or spraying areas.
Large quantities of amitrole previously were used as an herbicide in
the United States. In California alone, 82,000 kg (180,000 1b) was used
in 1970 and 64,000 kg (141,000 Ib) was used in 1972 (IARC 1974). EPA
estimated that annual use was 500,000 to 800,000 1b in 1984, declin-
ing to between 50,000 and 100,000 Ib in 1989 and between 40,000 and
60,000 1b in 1990 (EPA 1996). One death from ingestion of a weed
killer containing a mixture of amitrole and ammonium thiocyanate
was reported; amitrole was measured in the blood of the victim at
13 mg/L over 12 hours after ingestion (Legras et al. 1996).
According to EPA’s Toxics Release Inventory, 176 Ib of amitrole
was released to the environment in 1999, mostly to off-site facilities,
and slightly over 100 Ib was released in 2007, to off-site facilities. The
largest total annual releases were of 265 Ib to off-site landfills in 2001
(TRI 2009). When amitrole is released to air, it reacts with photo-
chemically produced hydroxyl radicals, with a half-life of 3 days (EPA
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1996, HSDB 2009). It was measured in the air near a manufacturing
facility at concentrations as high as 100 pg/m® (IPCS 1994). In water
and soil, amitrole is not expected to hydrolyze, but it is readily bio-
degraded by soil microorganisms; it is not likely to bioaccumulate
in aquatic organisms. Amitrole is moderately persistent under aero-
bic conditions, with half-lives of 57 days in water and 22 to 26 days
in soil, but it is more persistent under anaerobic conditions, with a
half-life of over 1 year in water (EPA 1996, HSDB 2009). Amitrole is
highly mobile in alkaline or neutral soils and leaches into groundwa-
ter, but it can be bound moderately by cation-exchange reactions in
acidic soils, resulting in moderate mobility (EPA 1996, IPCS 1994).
Concentrations of amitrole in a river downstream from a production
plant ranged from 0.5 to 2 mg/L (IPCS 1994). When amitrole was
sprayed on a watershed in Oregon for control of weeds, it was de-
tected in the stream 30 minutes after the aerial spray application at
a concentration of 155 ug/L, but not after 6 days (detection limit =
2 ug/L) (Marston et al. 1968).

Occupational exposure to amitrole could have occurred during its
manufacture, packaging, or application as a herbicide. Particulates
containing amitrole could have been released during its production
(IPCS 1994). Those most likely to have been exposed were pesti-
cide mixers, loaders, and applicators (EPA 1996). In Sweden, railroad
workers exposed during spraying of track areas reported both inhala-
tion expostire and dermal exposure due to wet spray on the hands and
face (Axelson et al. 1980). According to the National Occupational
Exposure Survey (conducted from 1981 to 1983), 693 workers poten-
tially were exposed to amitrole, including 24 women (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ) = 10 ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the fisting is based wholly or partly on the presence of
amitrole = U011,
Listed as a hazardous constituent of waste.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value ~ time-weighted average (TLV-TWA) = 0.2 mg/m’.
National Institute for Occupational Safety and Health (NIOSH)

Recommended exposure limit (time-weighted-average workday) = 0.2 mg/m’.
Listed as a potential occupational carcinogen.
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o-Anisidine and Its Hydrochloride
CAS Nos. 90-04-0 and 134-29-2

Reasonably anticipated to be human carcinogens

First listed in the Third Annual Report on Carcinogens (1983)

Carcinogenicity

o-Anisidine is reasonably anticipated to be a human carcinogen based
on sufficient evidence of carcinogenicity in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to o-anisidine administered as its hydrochloride salt

caused tumors in two rodent species and at two different tissue sites.
Dietary administration of o-anisidine hydrochloride increased the

combined incidence of benign and malignant urinary-bladder tu-
mors (transitional-cell papilloma and carcinoma) in rats and mice of
both species. In male rats, it also caused kidney cancer (transitional-
cell carcinoma of the renal pelvis) and increased the combined inci-
dence of benign and malignant thyroid-gland tumors (follicular-cell

adenoma and carcinoma, papillary cystadenoma, and cystadenocar-
cinoma) (NCI 1978, IARC 1982).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to o-anisi-
dine or o-anisidine hydrochloride.

Properties

o-Anisidine is an aromatic amine that exists at room temperature asa
liquid with an amine-like odor and ranging in color from colorless to
yellowish, pink, or reddish. It is soluble in water, miscible with etha-
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o-Anisidine and its Hydrochloride

nol, benzene, diethvl ether, and acetone, and soluble in dilute mineral
acids. o-Anisidine hydrochloride is a salt of o-anisidine. It is a gray-
black crystalline solid or light gray powder at room temperature and
is soluble in water (HSDB 2009). Physical and chemical properties of
o-anisidine and its hydrochloride salt are listed in the following table.

Property o-Anisidine o-Anisidine HCl
Molecular weight 123.2 159.6

Specific gravity 1.10at 15°C/15°C NR

Melting point 5°C 225°C

Boiling point 225°C NR

Log K, 1.18 NR

Water solubility 14 g/L at 25°C soluble

Vapor pressure 0.08 mm Hg at 25°C 0414 mm Hg at 25°C
Vapor density relative toair  4.25 6.77

Dissociation constant (pK,) 4.53 NR

Source: HSDB 2009. NR = not reported.

Use

o-Anisidine hydrochloride is used as a chemical intermediate in the
production of numerous azo and triphenylmethane dyes and pig-
ments (e.g., C.I. direct red 72, disperse orange 29, direct yellow 44,
direct red 24, and acid red 4); in the production of pharmaceuti-
cals, including the expectorant guaiacol; as a corrosion inhibitor for
steel; and as an antioxidant for polymercaptan resins (IARC 1999,
HSDB 2009).

Production

o-Anisidine was produced commercially in the United States from the

1920s until 1957 (IARC 1982). In 2009, six manufacturers of o-anisi-
dine were identified worldwide, but none for the hydrochloride salt

(SRI2009). 0-Anisidine was available from 44 suppliers, including 20

U.S. suppliers, and the hydrochloride salt was available from 8 sup-
pliers, including 5 U.S. suppliers (ChemSources 2009). U.S. imports

of o-anisidine and its hydrochloride salt are reported in the category
“o-anisidines, p-anisidines, and p-phenetidine;” and U.S. exports are

reported in the category “anisidines, dianisidines, phenetidines and

their salts” From 1989 to 2008, imports in the category ranged from

a high of over 4.6 million kilograms (10.1 million pounds) in 1996 to

zero in 2007 and 2008, and exports ranged from zero to 262,000 kg

(577,000 Ib) (USITC 2009). Reports filed under the U.S. Environmen-
tal Protection Agency’s Toxic Substances Control Act Inventory Up-
date Rule indicated that U.S. production plus imports of o-anisidine

totaled 500,000 Ib to 1 million pounds in 1986, 1990, and 2006; 1 mil-
lion to 10 million pounds in 1990 and 1998; and 10,000 to 500,000 Ib

in 2002 (EPA 2004, 2009).

Exposure

The primary routes of potential human exposure to o-anisidine and
o-anisidine hydrochloride are inhalation and dermal contact; expo-
sure may also occur by ingestion (HSDB 2009). Individuals in the
population could be exposed to o-anisidine in the environment.
o-Anisidine occurs in cigarette smoke and as an environmental pol-
lutant in wastewater from oil refineries and chemical plants (IARC
1982, 1999). Mean concentrations of o-anisidine in smoke from mar-
ket, reference, and other cigarettes were reported to range from less
than 0.2 to 5.12 ng per cigarette (Stabbert et al. (2003). o-Anisidine
was detected at concentrations ranging from less than 0.05 to 4.2 ug/L
(median = 0.22 pg/L) in urine samples from 20 members of the gen-
eral population in Germany (Weiss and Angerer 2002). Hemoglobin
adducts of o-anisidine were detected in all blood samples from 224
children in three German cities; however, adduct levels did not dif-
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fer significantly between children exposed to environmental tobacco
smoke and unexposed children (Richter e af. 2001).

According to EPA’s Toxics Release Inventory, environmental re-
leases of o-anisidine between 1988 and 1992 peaked in 1989, when
10,000 Ib was released, including almost 5,000 1b to surface water.
During this period, most releases were to air; however, 250 1b was
released to landfills annually from 1989 through 1992, and 2,000 to
3,600 1b to surface impoundments in 1989, 1991, and 1992. From
1993 to 2007, releases were much lower and remained fairly steady;
in 2007, releases totaled 638 Ib. Relases of hydrochloride salt have
not been reported (TRI 2009). If released to air, o-anisidine is ex-
pected to remain in the vapor phase and to be degraded by reaction
with hydroxyl radicals, with a half-life of 6 hours. If released to sur-
face water, it is expected to bind to sediment or suspended solids with
high organic matter content and to volatilize from water with an es-
timated half-life of 31 days from streams and 350 days from lakes.
o-Anisidine has little potential to bioaccumulate in aquatic organ-
isms. If released to soil, it will likely bind to humic materials; at low
concentrations, it will be subject to rapid biodegradation under aer-
obic conditions (HSDB 2009).

Occupational exposure to o-anisidine and its hydrochloride salt
may occur during their production and use as a chemical interme-
diate, corrosion inhibitor, or antioxidant (IARC 1999). The National
Occupational Exposure Survey (conducted from 1981 to 1983) es-
timated that 705 workers in the Chemicals and Allied Products in-
dustry potentially were exposed to o-anisidine and 1,108 workers in
the same industry potentially were exposed to o-anisidine hydro-
chloride (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: o-Anisidine is a listed substance subject to reporting requirements.
Occupational Safety and Health Administration (OSHA)

While this section accurately identifies O0SHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.
Permissible exposure limit (PEL) = 0.5 mg/m3 for o-anisidine.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 0.5 mg/m’ for o-anisidine.
National Institute for Occupational Safety and Health (NIOSH)
Immediately dangerous to life and health {IDLH) limit = 50 mg/m’for o-anisidine.

Recommended exposure limit (REL) = 0.5 mg/m3 for o-anisidine.
o-Anisidine is listed as a potential occupational carcinogen.
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Aristolochic Acids

CAS No.: none assigned
Known to be human carcinogens
First listed in the Twelfth Report on Carcinogens (2011)

Carcinogenicity

Aristolochic acids are known to be human carcinogens based on
sufficient evidence of carcinogenicity from studies in humans and
supporting data on mechanisms of carcinogenesis. Evidence of car-
cinogenicity from studies in experimental animals supports the find-
ings in humans.

Cancer Studies in Humans

The evidence for carcinogenicity in humans is based on (1) findings
of high rates of urothelial cancer, primarily of the upper urinary tract,
among individuals with renal disease who had consumed botanical
products containing aristolochic acids and (2) mechanistic studies
in humans which demonstrate that aristolochic acids are the carci-
nogenic agents in these products.

Evidence for the carcinogenicity of aristolochic acids was first
identified in studies of Belgian patients with nephropathy (progres-
sive interstitial renal fibrosis) related to the consumption of herbal
medicines. The patients had consumed Chinese herbal medicines
that were inadvertently contaminated with plant species of the genus
Aristolochia. Aristolochic acids were considered to be the cause of
the nephropathy (now referred to as “aristolochic acid nephropathy,
or AAN) because (1) the nephropathy developed immediately af-
ter ingestion of the herbs, (2) in most cases, the patients had not
been exposed to other agents known to be risk factors for nephrop-
athy, (3) aristolochic acids were identified in the herbal products, and
(4) aristolochic acid metabolites bound to DNA (AA-DNA adducts)
were found in tissues (usually kidney or urothelial tissue) from some
of the patients. Over 100 cases of AAN have been reported in Belgium
and over 170 cases in other locations, including the United States,
Great Britain, Japan, Taiwan, and China (Arlt et al. 2002, NTP 2008).

Two prevalence studies in Belgium (at Cliniques Universitaires
St.-Luc and Hospital Erasme) reported high rates of urothelial can-
cer (40% to 46%), mainly of the upper urinary tract, among female
AAN patients who had received kidney transplants (Cosyns et al. 1999,
Nortier et al. 2000, Nortier and Vanherweghem 2002). This rate of
urothelial cancer among AAN patients is much higher than the inci-
dence or prevalence of transitional-cell carcinoma of the urinary tract
(i.e., urothelial carcinoma) (0.89% to 4%) reported in several studies

Report on Carcinogens, Twelfth Edition

Aristolochic Acids

of Chinese patients with renal disease, either renal-transplant pa-
tients or dialysis patients (Ou et al. 2000, Wu et al. 2004, and Li et al.
2008). Neither prevalence study had an unexposed comparison group.
Both studies identified aristolochic acids in the botanical products

consumed by the patients, and both studies detected AA-DNA ad-
ducts in kidney tissue from the patients, demonstrating that the pa-
tients had been exposed to aristolochic acids. In the study at Hospital

Erasme, the rate of urothelial cancer was significantly higher among

AAN patients who had consumed a high dose of the plant Aristolo-
chia fangchi than among patients who had consumed a lower dose.
Furthermore, AAN patients with and without urothelial cancer did

not differ significantly with respect to other risk factors for urothe-
lial cancer, such as smoking or the use of analgesics or nonsteroidal

anti-inflammatory drugs. A 15-year follow-up study of AAN patients

from Hospital Erasme found a rate of upper-urinary-tract urothelial

cancer similar to that previously reported by Nortier and colleagues

(Lemy et al. 2008). In addition, AAN patients with upper-urinary-
tract urothelial cancer had an unusually high incidence of urinary-
bladder urothelial cancer.

Additional case reports and clinical investigations of urothelial
cancer in AAN patients outside of Belgium support the conclusion
that aristolochic acids are carcinogenic (NTP 2008). The clinical stud-
ies found significantly increased risks of transitional-cell carcinoma
of the urinary bladder and upper urinary tract among Chinese renal-
transplant or dialysis patients who had consumed Chinese herbs or
drugs containing aristolochic acids, using non-exposed patients as
the reference population (Li et /. 2005, 2008).

Molecular studies suggest that exposure to aristolochic acids is
also a risk factor for Balkan endemic nephropathy (BEN) and up-
per-urinary-tract urothelial cancer associated with BEN (Grollman
et al. 2007). BEN is a chronic tubulointerstitial disease of the kidney,
endemic to Serbia, Bosnia, Croatia, Bulgaria, and Romania, that has
morphology and clinical features similar to those of AAN. It has been
suggested that exposure to aristolochic acids results from consump-
tion of wheat contaminated with seeds of Aristolochia clematitis (Ivic
1970, Hranjec et al. 2005, NTP 2008). AA-DNA adducts were found
in kidney tissue from BEN patients and in urothelial and kidney (re-
nal cortical) tissues from BEN patients who had upper-urinary-tract
urothelial cancer. Furthermore, A:T to T:A transversion mutations
in the p53 tumor-suppressor gene were found in urothelial tumors
from BEN patients (Grollman et al. 2007).

The available studies are limited in their ability to formally address
confounding by other factors that could increase the risk of cancer,
and the case-series studies did not include unexposed controls; how-
ever, a causal association between exposure to aristolochic acids and
human cancer is evidenced by the strength of the association, con-
sistency across studies, dose-response effects, detection of AA-DNA
adducts in exposed patients, timing of the exposure and disease, and
specific mutations in the pS3 gene similar to the A:T to T:A transver-
sions seen in rodents and rodent cell cultures exposed to aristolochic
acids. The finding of urothelial cancer among patients who consumed
a variety of botanical products from different plant species known to
contain aristolochic acids provides additional support for the role of
aristolochic acids as the cancer-causing agent in the botanical prod-
ucts. In 2000, the International Agency for Research on Cancer con-
cluded that there was sufficient evidence for the carcinogenicity of
herbal remedies containing plant species of the genus Aristolochia
in humans (IARC 2002). In 2008, IARC concluded that aristolochic
acids also were carcinogenic to humans (Grosse et al. 2009).
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Studies on Mechanisms of Carcinogenicity

Aristolochic acids are absorbed after oral exposure; no data are avail-
able on absorption after dermal or inhalation exposure (NTP 2008).
Avristolochic acids T and II (AAs I and II) are the most widely studied
aristolochic acids. Aristolochic acids are metabolized to aristolactams,
which are further metabolized to a cyclic N-acylnitrenium ion, a re-
active intermediate that forms adducts with purine bases (adenine
and guanine) in DNA (dA-AAI dG-AAIL dA-AAIL and dG-AAII).
A number of cytosolic and microsomal enzymes (CYP1A1, CYP1A2,
NADPH:CYP reductase, prostaglandin H synthase, DT-diaphorase,
xanthine oxidase, cyclooxygenase, and NAD(P)H:quinone oxidore-
ductase) are capable of bioactivating aristolochic acids to the reac-
tive form (NTP 2008).

DNA adducts have been detected in vitro in experimental an-
imals exposed to aristolochic acids and in human tissue from in-
dividuals exposed to aristolochic acids, including individuals with
AAN, BEN, or urothelial cancer associated with AAN or BEN (Groll-
man ef al. 2007, NTP 2008). In animals, adducts have been detected
in the forestomach and stomach, urinary tract (kidney and urinary
bladder), liver, intestine, spleen, and lung. In humans, adducts have
been detected in the urinary tract (kidney, ureter, and urinary blad-
der), liver, and non-target tissues such as pancreas, breast, and lung
(NTP 2008). The predominant adduct, dA-AAI, persists for a life-
time in rats and at least 89 months in humans and appears to be re-
sponsible for most of the mutagenic and carcinogenic properties of
aristolochic acids (NTP 2008).

Aristolochic acids (purified I or Il or mixtures) have been shown to
be mutagenic in bacteria, cultured cells, and rodents exposed in vivo.
AA Thas been tested the most extensively. In iz vitro assays, purified
aristolochic acids induced mutations in the bacterium Salmonella
typhimurium and in cultured mammalian cells, including (1) Aprt
mutations in rat fibroblast-like cells and Chinese hamster ovary cells,
(2) forward mutations in mouse lymphoma cells, and (3) mutations in
the p53 DNA-binding domain in two studies with fibroblast cell cul-
tures from human p53 knock-in (Hupki) mice (mice carrying a hu-
manized p53 gene sequence) (NTP 2008). Mutations were identified
in the p53 DNA-binding domain in one third (6 of 18) to half (5 of 10)
of the established Hupki mouse fibroblast cultures; A:T to T:A trans-
versions were predominant, occurring in at least 80% of the cell lines
with mutations (Liu et al. 2004). Aristolochic acid mixtures or plant
extracts caused mutations in S. fyphimurium and sex-linked reces-
sive lethal mutations in the fruit fly Drosophila melanogaster (NTP
2008). In studies with rodents exposed in vivo, exposure to aristolo-
chic acid mixtures or plant extracts caused (1) mutations in subcuta-
neous granulation tissue from Sprague-Dawley rats (Maier et al. 1985),
(2) mutations of the lacZ transgene in forestomach, kidney, and colon
tissue from transgenic Muta mice (Kohara et al. 2002), and (3) muta-
tions of the c/I transgene in liver and kidney tissue from transgenic
Big Blue rats (Chen et al. 2006, Mei et al. 2006). A:T to T:A transver-
sions were the predominant mutation type in the Muta mice and Big
Blue rats. Exposure to AA T also caused mutations in granulation tis-
sue from Sprague-Dawley rats (Maier et al. 1987).

Aristolochic acids have been shown to bind to adenine in codon
61 in the H-ras mouse oncogene and to purines in the human p53
gene. Mutations identified in tumors of rodents exposed to aristolo-
chic acids include A:T to T:A transversions in codon 61 of the c-Ha-
ras gene in forestomach tumors (from rats and mice), lung tumors
(from rats and mice), and ear-duct tumors (from rats). No mutations
were identified in tissues from rats with chronic renal failure that had
not been exposed to aristolochic acids (Schmeiser et al. 1990, 1991).
Similar findings have been reported in humans. A:T to T:A transver-
sion mutations of the p53 gene were identified in a urothelial tumor
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from an AAN patient (Lord et al. 2004) and at a high frequency (78%)
in BEN patients with upper-urinary-tract urothelial cancer. The fre-
quency of A:T to T:A transversions of p53 mutations in bladder and
ureter tumors not caused by aristolochic acid exposure was approx-
imately 5% (Grollman et al. 2007). Moreover there was concordance
between the location of the p53 A to T transversions and mutations
identified in fibroblast cell cultures from human p53 knock-in (Hupki)
mice treated with AA I (Nedelko et al. 2008).

Aristolochic acids also caused other types of genetic damage in
other test systems with and without mammalian metabolic activa-
tion. Aristolochic acids I and IT and mixtures caused DNA damage
in the SOS chromotest in the bacterium Escherichia coli, and aris-
tolochic acid mixtures caused sex-chromosome loss and somatic re-
combination in D. melanogaster. In mammalian cells exposed in vitro,
aristolochic acid mixtures caused chromosomal aberrations, sister
chromatid exchange, and micronucleus formation in human lympho-
cytes. AA Talso caused chromosomal aberrations and sister chroma-
tid exchange in Chinese hamster ovary cells. Neither AA I nor AA 1T
induced DNA strand breaks in rat liver cells, but aristolochic acids
caused DNA damage in a pig kidney cell line (proximal tubular epi-
thelial cells) and in human hepatocellular carcinoma cells. In mam-
malian in vivo studies, aristolochic acids (composition not specified)
did not induce unscheduled DNA synthesis in the pyloric mucosa of
male rats. DNA damage was reported in kidney cells isolated from
male Sprague-Dawley rats administered a single oral dose of an aris-
tolochic acid mixture. One study reported that intravenous injection
of aristolochic acid mixtures increased micronucleus formation in
polychromatic erythrocytes in bone marrow from NMRI male and
female mice, but another study found no increase in micronucleus
formation in peripheral blood reticulocytes from male Muta mice ex-
posed orally to a mixture of AAs I and II (NTP 2008).

Together, these findings strongly suggest that exposure to aristolo-
chic acids causes urothelial cancer in humans through formation of
DNA adducts (specifically, through binding of the reactive metabolite
with adenine) and the resulting transversion mutations in oncogenes.

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of aristolochic ac-
ids in experimental animals based on studies showing that aristolo-
chic acids caused tumors in rodents and rabbits at several different
tissue sites and by several different routes of exposure. Although the
studies in which aristolochic acids were administered orally or by in-
jection typically were small and of short duration, they showed clear
evidence of carcinogenicity. In nearly all of the studies, aristolochic
acids caused urothelial tumors, as they did in humans.

Oral exposure to aristolochic acids caused predominantly fore-
stomach and urinary-tract tumors, and administration by injection
caused mainly urinary-tract tumors and connective-tissue tumors
(sarcoma) at the injection site (NTP 2008). In female mice, oral expo-
sure to aristolochic acids caused tumors of the forestomach, stomach,
kidney, lung, and uterus and malignant lymphoma (Mengs 1988). In
several studies in rats, oral exposure to aristolochic acids caused tu-
mors of the forestomach, kidney (renal-cell and renal-pelvis tumors),
urinary bladder, ear duct, thymus, small intestine, and pancreas. Sin-
gle instances were also reported of tumors of the hematopoietic
(blood-producing) system, heart, lung, mammary gland, pituitary
gland, and peritoneum (NTP 2008). Male Wistar rats receiving daily
subcutaneous injections of aristolochic acids developed urothelial
carcinoma of the renal pelvis and malignant fibrohistiocytic sarcoma
at the injection site (Debelle et al. 2002). A single intraperitoneal in-
jection of aristolochic acids initiated liver carcinogenesis in male F344
rats that had also received treatment to stimulate proliferation of liver
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cells (Rossiello ef al. 1993). Aristolochic acids administered to female
New Zealand White rabbits by intraperitoneal injection caused kid-
ney tumors, a urinary-tract tumor, and mesothelioma of the perito-
neal cavity (Cosyns et al. 2001).

Three studies investigated the carcinogenicity of extracts of Aris-
tolochia (one study each for A. manshuriensis, A. clematitis, and A.
contorta) when administered to rats orally or by injection. Follow-
ing oral administration, tumors of the forestomach and kidney were
the most prevalent findings (Hwang et a4l. 2006), but one study re-
ported tumors of the mammary gland, thyroid gland, and skin (Qiu
et al. 2000), and one study reported injection-site polymorphocellu-
lar sarcoma (Ivic 1970). In one study, rats of both sexes were exposed
to a weight-loss regimen of herbal ingredients that contained aris-
tolochic acids; the males developed forestomach tumors (papilloma
and squamous-cell carcinoma) (Cosyns et al. 1998).

Properties

Aristolochic acids are a family of nitrophenanthrene carboxylic ac-
ids that occur naturally in plants in the family Aristolochiaceae. The
aristolochic acid content of plants or botanical preparations varies
depending on the plant species, where it was grown, the time of year,
and other factors. However, aristolochic acid I (also called aristolo-
chic acid A) and its demethoxylated derivative, aristolochic acid II
(also called aristolochic acid B) are the predominant forms. AA Tis
a crystalline solid that is slightly soluble in water. The molar extinc-
tion coeflicient (¢) for AA I in ethanol is 6,500 at 390 nm, 12,000 at
318 nm, and 27,000 at 250 nm (O'Neil ef al. 2006). Other selected
physical and chemical properties of AA Tare listed in the table below.
No information was located on the physical or chemical properties of
AA TI other than its molecular weight of 311.3 (IARC 2002).

Property Information for AA |

Molecular weight 3413
Melting point 281°C to 286°C
Log K,,, 348

Source: IARC 2002.

Use

Aristolochia plants have been used since ancient times in traditional

herbal medicines in many parts of the world, and aristolochic acids

have been reported to have antibacterial, antiviral, antifungal, and

antitumor effects (Kupchan and Doskotch 1962, Zhang et al. 2004).
The name Aristolochia (meaning the best delivery or birth) is thought

to be of ancient Greek origin and reflects centuries of use in obstet-
rics. Other traditional uses include treatment for snakebite, scorpion

stings, fever, infection, diarrhea, and inflammation (Arlt et al. 2002,
Jiménez-Ferrer et al. 2005). In contemporary medicine, Aristolochia

plant extracts have been used in therapies for arthritis, gout, rheu-
matism, and festering wounds, but these uses were discontinued in

Germany and other countries after the carcinogenic and mutagenic

properties of aristolochic acids were first reported in the early 1980s

(Arlt et al. 2002). Other uses of Aristolochia plants include cultiva-
tion as ornamental plants. Aristolochic acids also have been used in

studies of toxicity and carcinogenicity and in biochemical studies as

relatively selective inhibitors of the enzyme phospholipase A2 (NTP

2008).

Occurrence and Production

Aristolochic acids have been detected only in plant species belong-
ing to the family Aristolochiaceae, primarily of the genera Aristolo-
chia and Asarum. More than 30 Aristolochia species are native to the
United States, and they are present in most states (USDA 2005). The
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most widely distributed native species include A. serpentaria (Vir-
ginia snakeroot), A. tomentosa (woolly Dutchman’s pipe), A. macro-
phylla (pipevine), and A. clematitis (birthwort). In addition, some
non-native species are grown as ornamentals or have escaped culti-
vation and become naturalized. Worldwide, there are an estimated
200 to 350 Aristolochia species, and virtually all of them contain aris-
tolochic acids (NTP 2008). Asarum species (wild gingers) also are
widely distributed in the United States. Plants of the genus Hexa-
stylis, a group of rare plants endemic to the southeastern United
States, were reported to have “unexpectedly high levels” of aristolo-
chic acids (Schaneberg et al. 2002)

A number of studies have reported concentrations of AAs Tand II
in medicinal plants, including several species used in traditional Chi-
nese medicine. Concentrations ranged from 3 to 12,980 ppm for AA
and from not detected to 6,325 ppm for AA IL In Asarum species,
concentrations of AAs I and IT ranged from trace levels to 3,377 ppm.
Other studies detected AA IVa at concentrations of 79 to 3,360 ppm
of crude drug, aristolactam I at 6 to 358 ppm, and aristolactam Il at
14 to 91 ppm (NTP 2008). Hong et al. (1994) identified 11 aristolo-
chic acid derivatives, including aristolactams and other compounds,
in extracts from Aristolochia cinnabarina roots, and Wu et al. (1994)
identified 14 aristolochic acid derivatives in extracts from stems and
roots of Aristolochia kankauensis.

Aristolochic acids are produced commercially as reference stan-
dards and as research chemicals (IARC 2002). No data were found
on U.S. producers or production volume, but in 2004, aristolochic
acids were available from nine U.S. suppliers of aristolochic acid A
(AA 1), one supplier each of aristolochic acids B and D (AAs Il and
IV), three suppliers of aristolochic acid C (AA IIIa), and three sup-
pliers of aristolochic acid, sodium salt (ChemSources 2004). No spe-
cific data on U.S. production, imports, or sales of botanical products
that might contain aristolochic acids were found; however, many U.S.
suppliers offer products that could contain aristolochic acids. Gold
and Slone (2003) identified 112 botanical products that could contain
aristolochic acids and were available for purchase over the Internet.

Exposure

Exposure to aristolochic acids may occur through ingestion as a re-
sult of intentional or inadvertent use of herbal or botanical products
that contain Aristolochia or Asarum species. Exposure to aristolo-
chic acids through ingestion of flour from wheat contaminated with
A. clematitis has been proposed as a cause for BEN. Herbal prepara-
tions are available in several forms (e.g., capsules, extracts, teas, or
dried herbs). Exposure also could potentially occur through direct
contact with the plants, either in their natural habitats or as cultivated
ornamentals. Direct contact with the leaves of Asarum canadense
(Canadian snakeroot or wild ginger) has been reported to cause der-
matitis (PFAF 2005).

Schaneberg and Khan (2004) purchased from Internet Web sites
25 herbal products suspected of containing aristolochic acids, of
which nine were manufactured in the United States and the rest in
China. AAs Iand IT were detected in six of the products, each of which
contained six or more types of plants. The U.S. Food and Drug Ad-
ministration has reported recalls of products containing aristolochic
acids beginning in 2000 and continuing with the report of a recall of
two products in 2008 (Tou Tong San [Headache Formula] and Du Huo
Ji Sheng Tang [Du Huo Joint Relief]) (FDA 2008). Two herbal rem-
edies prepared from Aristolochia debilis or A. contorta appeared in
the official 2005 Chinese pharmacopeia, and three additional entries
for drugs derived from A. debilis, A. fangchi, and A. manshuriensis
were cancelled in 2003 and 2004 because the content of aristolochic
acid in the drugs was high enough to cause AAN (Zhang et al. 2006).
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In addition to the intentional uses of aristolochic acid-contain-
ing plants, herbal preparations can pose a number of quality-related
problems, which can lead to inadvertent exposures. These include
contamination with prohibited or restricted substances, substitu-
tion of ingredients, contamination with toxic substances, and differ-
ences between the labeled and actual product contents (MCA 2002).

The complexity of herbal nomenclature systems used in tradi-
tional medicines (particularly traditional Chinese medicines) can lead
to confusion and increased risk of inadvertent exposure to aristolo-
chic acids (Flurer et al. 2001), which was reported for cases in Hong
Kong (Liang et al. 2006), Belgium (Vanherweghem 1998), and Singa-
pore (Koh et al. 2006). Substitutions arising because of name con-
fusion have also been reported between botanicals used in Japanese
herbal medicines and botanicals with similar names used in Chinese
herbal medicines (Tanaka et al. 2001, EMEA 2005). The most exten-
sive exposure resulting from name confusion occurred in the early
1990s in Belgium, where A. fangchi was inadvertently substituted
for Stephania tetrandra to prepare diet pills. The Chinese name for
S. tetrandra is “fang ji which is similar to the name for aristolochic
acid—containing A. fangchi (“guang fang ji”). An estimated 1,500 to
2,000 individuals (primarily women) were exposed to the Stephania-
labeled powders that contained aristolochic acids ranging from below
the detection limit (< 0.02 mg/g) to 2.9 mg/g (2,900 ppm) (Vanher-
weghem 1998). The resulting maximum dose of aristolochic acids
was estimated at 0.025 mg/kg received over an average of 13 months
(Grollman et al. 2009).

For botanical products, high concentrations or intake of aris-
tolochic acids have been reported in studies from China (AA I at
700 ppm, with estimated AA intake of 110 mg), Taiwan (AA T at up
to 19.97 nmol/g and AA 11 at up to 3.95 nmol/g), Hong Kong (intake
of herb from 100 mg to 800 g), Japan (total AA at up to 15.1 ppm),
Australia (AA T at up to 40 ppm and AA II at up to 210 ppm), and
Switzerland (AA I at up to 440 ppm) (NTP 2008). Chinese patients
who developed chronic renal failure had ingested an estimated 0.7 to
1.5 mg of aristolochic acids per day intermittently for 1 to 10 years
(Grollman et al. 2009).

No estimates were found of the number of people in the United
States who are exposed to aristolochic acids in herbal medicines, but
two U.S. cases of renal failure resulting from ingestion of herbal prod-
ucts containing aristolochic acids have been reported (Mever et al.
2000, Consumer Reports 2004, Grollman et al. 2007). The use of all
complementary and alternative medicines increased in the 1990s
and 2000s (Barnes et al. 2004, Bent and Ko 2004). The Centers for
Disease Control and Prevention reported that 10% of adults in the
United States ingested herbal medicines in 1999 (Straus 2002), and
the total spent on herbs and other botanical remedies in 2001 was
$4.2 billion (Marcus and Grollman 2002).

The possibility also exists for exposure to aristolochic acids in food.
It has been suggested that contamination of wheat flour by Aristolo-
chia species growing as weeds adjacent to wheat fields might be re-
sponsible for BEN (Ivic 1970, Hranjec et al. 2005). Indeed, seeds of A.
clematitis have been found commingled with wheat grain during har-
vest in regions where BEN is endemic (Grollman and Jelakovi¢ 2007).
It has been estimated that at least 25,000 individuals are suspected
of having BEN and that over 100,000 individuals residing in endemic
regions could be at risk (DeBelle et al. 2008). As noted above, AA-
DNA adducts were found in kidney tissue from BEN patients and in
urothelial and kidney (renal cortical) tissues from BEN patients who
had upper-urinary-tract urothelial cancer. Because Aristolochia spe-
cies are widely distributed and wheat can be traded internationally,
there is the potential for worldwide exposure from this source; how-
ever, no data were found to support this hypothesis.
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Extracts from Asarum canadense and Aristolochia serpentaria
are permitted for use in the United States as flavoring substances in
foods or beverages (FDA 2003); A. serpentaria has been reported to
be used as a spice and to flavors liqueurs or bitters, such as Angostura
or Boonekamp bitters, but no information was found on the concen-
trations of aristolochic acid in these products.

Although occupational exposure to aristolochic acids has not been
documented, herbalists potentially are exposed while gathering plants
or while preparing or applying botanical products. Gardeners, land-
scapers, or nursery workers who handle or transplant Aristolochia
or Asarum plants could potentially be exposed to aristolochic acids.
Handling Aristolochia or Asarum plants could result in dermal expo-
sure, which, as of 2010, has been associated only with dermatitis. To
reduce the likelihood of accidental ingestion, workers should wash
their hands before eating, drinking, or smoking.

Regulations
Food and Drug Administration (FDA)

Federal Food, Drug, and Cosmetic Act as amended by the Dietary Supplement

Health and Education Act

Manufacturers and distributors as of 2007 must record adverse events and report to the FDA serious
adverse events reported to them about their products.

Label requirements for dietary supplements have been established.

Manufacturers must establish and meet specifications for identity, purity, strength, and composition
and for limits on contamination of dietary supplements under current Good Manufacturing
Practices (cGMP) requlations published in 2007.

Warnings and Alerts

Food and Drug Administration (FDA)
Warnings issued in 2000 and 2001 (FDA 2000, 2007a,b) covered botanical products that contain
aristolochic acids:
- Practitioners who prescribe botanical remedies urged to discard those products containing
aristolochic acids.
« Manufacturers and distributors urged to ensure that botanical products are free of aristolochic
acids.
- Consumers urged to immediately discontinue use of botanical products that contain or likely
contain aristolochic acids.
Animport alert issued in 2000 and revised in 2007 provided for the detention of products labeled as
Aristolochia or any that could be confused with it unless analytical evidence shows no aristolochic
acids.
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Arsenic and Inorganic Arsenic Compounds
CAS No. 7440-38-2 (Arsenic)

No separate CAS No. assigned for inorganic arsenic compounds
Known to be human carcinogens
First listed in the First Annual Report on Carcinogens (1980)

Also known as As

Carcinogenicity
Arsenic and inorganic arsenic compounds are known to be human
carcinogens based on sufficient evidence of carcinogenicity in humans.

Cancer Studies in Humans

Epidemiological studies and case reports of humans exposed to arse-
nic or arsenic compounds for medical treatment, in drinking water,
or occupationally have demonstrated that exposure to arsenic and
inorganic arsenic compounds increases the risk of cancer. Cancer
tissue sites include the skin, lung, digestive tract, liver, urinary blad-
der, kidney, and lymphatic and hematopoietic systems. Skin cancer
has been reported in individuals exposed to arsenic for therapeutic
reasons, sometimes in combination with cancer at other tissue sites,
such as blood-vessel cancer (angiosarcoma) of the liver, intestinal and
urinary-bladder cancer, and meningioma (tumors of the membranes
covering the central nervous system). However, only skin cancer has
been clearly associated with medical use of arsenic in epidemiolog-
ical studies (TARC 1973, 1980).

Several studies have reported an association between skin cancer
and exposure to arsenic in drinking water. Epidemiological studies
conducted in Taiwan, in an area where blackfoot disease (a disorder
of the peripheral blood vessels caused by arsenic) is endemic, found
that exposure to drinking water containing arsenic at concentrations
ranging from 0.35to 1.14 mg/L increased the risks of urinary-bladder,
kidney, skin, lung, liver, and colon cancer. Occupational exposure to
inorganic arsenic compounds, especially in mining and copper smelt-
ing, consistently has been associated with increased risk of lung can-
cer (predominantly adenocarcinoma, with a slight excess of small-cell
cancer); the risk of lung cancer increased with increasing cumulative
exposure to arsenic. Exposure of smelter workers to arsenic also has
been associated with increased risks of cancer of the kidney, diges-
tive tract, and lymphatic and hematopoietic systems. Epidemiolog-
ical studies and case reports of workers in other industries exposed
to arsenic, such as glass workers, hat makers, and pesticide workers,
also have reported excesses of cancer (mainly lung and skin cancer)
(IARC 1973, 1980).

Since arsenic was reviewed for listing in the First Annual Report
on Carcinogens and by the International Agency for Research on Can-
cer, numerous epidemiological studies have evaluated the carcino-
genicity of arsenic in drinking water. Several studies have reported
exposure-response relationships for several types of cancer, includ-
ing urinary-bladder, kidney, lung, and skin cancer (Cantor 1997, Fer-
reccio et al. 2000). A few studies have suggested that exposure to
arsenic in drinking water is associated with cancer at additional tis-
sue sites, including prostate cancer in men and nasal cancer in both
sexes (Cantor 1997). Some evidence suggests that arsenic exposure is
more strongly associated with transitional-cell carcinoma of the uri-
nary bladder than with other types of urinary-bladder cancer (Guo
et al. 1997, Chiou et al. 2001). Most studies found associations with
cancer of the lung, urinary bladder, or prostate at lower arsenic con-
centrations than those reported in the Taiwanese study cited above;
however, the evidence for carcinogenic effects at very low concen-
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trations of arsenic is inconclusive (Kurttio et al. 1999, Lewis et al.
1999, Ferreccio et al. 2000, Chiou et al. 2001, Steinmaus et af. 2003,
Bates et al. 2004). In some studies of urinary-bladder cancer, an as-
sociation with arsenic exposure was observed only when the analysis
was limited to smokers and to arsenic exposures that had occurred
at least 40 years previously (Steinmaus et al. 2003, Bates et al. 2004).

Cancer Studies in Experimental Animals

Metallic arsenic, arsenic trioxide, sodium arsenite, sodium arsenate,
potassium arsenite, lead arsenate, calcium arsenate, and pesticide
mixtures containing arsenic have been tested for carcinogenicity in
experimental animals (IARC 1980, 1987). Mice and rats were exposed
to various arsenic compounds by oral administration and subcutane-
ous injection. Mice were also exposed by dermal application, inhala-
tion, and intravenous injection, and rats by intratracheal instillation
and femoral intramedullary injection. In other studies, dogs were
exposed orally, hamsters by intratracheal instillation, and rabbits by
intramedullary injection. In rats, oral exposure to arsenic trioxide
caused stomach cancer (adenocarcinoma), and intratracheal instil-
lation of a pesticide mixture containing calcium arsenate compounds
caused a high incidence of lung cancer (adenocarcinoma). Benign
and malignant lung tumors (adenoma and carcinoma) were also ob-
served at low incidences in hamsters following intratracheal instilla-
tion of arsenic trioxide, and benign lung tumors (adenoma) occurred
in neonatal mice subcutaneously injected with arsenic trioxide fol-
lowing prenatal exposure via a single subcutaneous injection during
gestation. Lymphocytic leukemia and lymphoma were observed in
mice given weekly intravenous injections of an aqueous solution of
sodium arsenate for 20 weeks and in female mice and their offspring
following subcutaneous injections of sodium arsenate throughout
pregnancy. In most of the other studies in experimental animals, no
tumors were observed, or the results were inconclusive.

Properties

Arsenic is a naturally occurring semimetallic element with an atomic

weight of 74.9. Pure arsenic (which rarely is found in nature) exists in

three allotropic forms: yellow (alpha), black (beta), and gray (gamma)

(HSDB 2009). Many inorganic arsenic compounds are found in the en-
vironment, frequently occurring as the sulfide form in complex min-
erals containing copper, lead, iron, nickel, cobalt, and other metals.
Arsenic compounds occur in trivalent and pentavalent forms; com-
mon trivalent forms are arsenic trioxide and sodium arsenite, and

common pentavalent forms are arsenic pentoxide and the various ar-
senates. Arsenic and arsenic compounds occur in crystalline, powder,
amorphous, or vitreous forms. Elemental arsenic has a specific grav-
ity of 5.73, sublimes at 613°C, and has a very low vapor pressure of
1 mm Hgat 373°C. Many of the inorganic arsenic compounds occur

as white, odorless solids with specific gravities ranging from about 1.9

to over 5. Arsenic trioxide, the most common arsenic compound in

commerce, melts at 312°C and boils at 465°C (ATSDR 2007). In wa-
ter, elemental arsenic is insoluble, calcium arsenate and arsenites are

sparingly soluble, and arsenic trioxide, arsenic pentoxide, and other

arsenicals are soluble. Arsenic pentoxide, potassium arsenite, and the

sodium salts are soluble in ethanol. Arsenic, arsenic pentoxide, arse-
nic trioxide, the calcium arsenites, lead arsenate, and potassium ar-
senate are soluble in various acids. When heated to decomposition,
arsenic compounds emit toxic arsenic fumes (HSDB 2009).

Use

Inorganic arsenic compounds were widely used as pesticides from the
mid 1800s to the mid 1900s and were used in medicine until the 1970s,
primarily for treatment of leukemia, psoriasis, and asthma. The use
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of arsenic for treatment of acute promyelocytic leukemia resumed in
the 1990s. By the mid 1970s, arsenic use was shifting from pesticides
to wood preservatives, and by 1980, wood preservatives were the pri-
mary use. Total agricultural-chemical use (in pesticides and fertiliz-
ers) declined to about 15% to 20% of total arsenic consumption by
the early 1990s and has remained at about 4% since 1995 (Edelstein
1994, Reese 1998, ATSDR 2007, Brooks 2009).

Since the mid 1990s, arsenic trioxide used in wood preserva-
tion has accounted for 86% to 90% of total U.S. arsenic consump-
tion. Wood treated with chromated copper arsenate (CCA), known
as “pressure-treated wood,” has been used widely to protect utility
poles, building lumber, and foundations from decay and insect attack.
However, a voluntary phase-out of CCA for certain residential uses
{e.g., in wood for decks, play structures, fencing, and boardwalks) that
went into effect December 31, 2003, has reduced this use of arsenic.
CCA continues to be used in wood products for industrial use. Other
uses of arsenic in the 1990s included use in glass (3% to 4%) and non-
ferrous alloys (1% to 4%) (ATSDR 2007, Brooks 2009).

By the 1990s, there was renewed interest in the use of arsenic for
treatment of acute promyelocytic leukemia (ATSDR 2007). Arsenic
trioxide is approved by the U.S. Food and Drug Administration for
treating this type of leukemia when other chemotherapy treatments
have failed (MedlinePlus 2009). Arsenic is also used in the produc-
tion of lead alloys used in lead-acid batteries. It may be added to
alloys used for bearings, type metals, lead ammunition, and automo-
tive body solder, and it may be added to brass to improve corrosion
resistance. High-purity arsenic is used in a variety of semiconductor
applications, including solar cells, light-emitting diodes, lasers, and
integrated circuits (ATSDR 2007).

Production

Before 1985, U.S. arsenic production varied widely, peaking at

24,800 metric tons (54.7 million pounds) in 1944. Although the United

States is the world’s leading consumer of arsenic, arsenic has not been

produced domestically since 1985, when production of 2,200 metric

tons (4.9 million pounds) was reported (Brooks 2009, USGS 2009).
U.S. apparent consumption of arsenic was estimated at 7,340 metric

tons (16.2 million pounds) in 2006, declining steadily to 3,600 metric

tons (7.9 million pounds) in 2009 (USGS 2010). All arsenic metal and

compounds consumed in the United States now are imported. U.S.
imports of arsenic and arsenic compounds averaged about 8,300 met-
ric tons (18.3 million pounds) from 1935 to 1959, 11,200 metric tons

(24.7 million pounds) from 1960 to 1985, and 19,000 metric tons

(42 million pounds) from 1986 to 2009 (USGS 2009, 2010). Since 2004,
imports have ranged from a high of 10,500 metric tons (23.1 million

pounds) in 2006 to a low of 5,190 metric tons (11.4 million pounds)

in 2008, and were 6,575 metric tons (14.5 million pounds) in 2009,
with arsenic trioxide accounting for 94% and arsenic metal accounting

for 6% of imports (USGS 2010). U.S. exports peaked at 4,230 metric

tons (9.3 million pounds) in 1941 and reached alow of 36 metric tons

(79,000 Ib) in 1996. Exports have increased dramatically since 2004.
Exports classified as arsenic metal may include arsenic-containing

e-waste, such as computers and other electronics destined for recla-
mation and recycling in other countries. Since U.S. arsenic produc-
tion ended in 1985, exports have been highest in 2005, at 3,270 metric

tons (7.2 million pounds). In 2009, exports totaled 2,980 metric tons

(6.6 million pounds) (Brooks 2009, USGS 2009, 2010).

Exposure

The general population is exposed to arsenic and arsenic compounds
primarily through consumption of foods. The estimated daily dietary
intake of inorganic arsenic ranges from about 1 to 20 ug; however, the
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average daily dietary intake of arsenic in all forms is about 40 ug. The
highest levels of arsenic (in all forms) are detected in seafood, rice,
rice cereal, mushrooms, and poultry. Inorganic arsenic was reported
in the tissue of livestock that had been administered arsenic drugs or
feed additives (ATSDR 2007), and U.S. Department of Agriculture re-
searchers reported that consumption of meat from chickens fed an or-
ganic arsenic compound (4-hydroxy-3-nitrophenylarsonic acid) could
result in ingestion of 21.1 to 30.6 ug of inorganic arsenic per day for
people in the 99th percentile of consumption level (Lasky et al. 2004).
This organic arsenic compound, which is used as an antimicrobial in
animal and poultry feeds, is found mostly unchanged in poultry lit-
ter; however, under anaerobic conditions, Clostridium bacteria can
transform it to release arsenate (Stolz et al. 2007). The release of in-
organic arsenic from large quantities of poultry litter could have a
detrimental effect on soil and water quality (Jackson et al. 2003). Ar-
senic used as pigments in paints can be ingested through contami-
nation of hands, fingernails, food, cups, or cigarettes or through the
practice of holding paint brushes in the mouth (HSDB 2009).

Potential exposure to arsenic also occurs through the consump-
tion of drinking water contaminated with arsenical pesticides, natural
mineral deposits, or arsenical chemicals that were disposed of im-
properly (ATSDR 2007). Natural soil concentrations of arsenic (in all
forms) typically range from 0.1 to 40 mg/kg, averaging 5 to 6 mg/kg.
Through natural processes, arsenic in soil can be released to ground-
water or surface water. In the United States, mean arsenic concen-
trations generally are higher in groundwater systems (wells) than in
surface-water systems. Arsenic concentrations in groundwater and
surface water are lowest in the mid-Atlantic and southeastern re-
gions, intermediate in New England, the Midwest, and the south-
central and north-central regions, and highest in the West (EPA 2000).
U.S. drinking water contains arsenic at an average concentration of
2 pg/L; however, 12% of groundwater systems in the West and 12%
of surface-water systems in the north-central region contain arsenic
atlevels exceeding 20 pg/L (ATSDR 2007). In addition, several states
have groundwater systems with maximum levels of arsenic exceeding
50 pg/L, including California (99 pg/L), Nevada (150 pg/L), and Texas
(86 ug/L) (EPA 2000). Reported arsenic concentrations in ground-
water in Fairbanks, Alaska, ranged up to 1,670 pg/L (USGS 2001).

The general population may also be exposed to arsenic compounds
emitted to the air by pesticide manufacturing facilities, smelters, cot-
ton gins, glass manufacturing operations, cigarette smoking, burn-
ing of fossil fuels, and other sources (ATSDR 2007). According to the
U.S. Environmental Protection Agency’s Toxics Release Inventory,
environmental relseases of arsenic between 1988 and 2007 ranged
from 77,000 1b to over 77 million pounds, while releases of arsenic
compounds ranged from 3.4 million to 568 million pounds. Releases
showed no clear trends over this period. In 2007, 51 facilities released
arsenic, and 245 facilities released arsenic compounds (TRI 2009).

Inhalation and dermal contact are the primary routes of occupa-
tional exposure to arsenic. Because arsenic is no longer produced in
the United States and many uses of arsenical pesticides have been
banned, the number of workers exposed to arsenic likely has de-
creased since the early 1980s. Nevertheless, occupational exposure
to arsenic (including forms other than inorganic compounds) is likely
in several industries, including nonferrous smelting, wood preserva-
tion, glass manufacturing, electronics, and production and use of ag-
ricultural chemicals (ATSDR 2007). No recent occupational exposure
surveys were found; however, the National Occupational Exposure
Survey (conducted from 1981 to 1983) estimated that over 57,000
workers, including over 11,000 women, potentially were exposed to
arsenic, arsenic pentoxide, arsenic trioxide, arsenic acid, arsenic ox-
ide, arsenic sulfide, or arsenic trichloride (NIOSH 1990).

51

ED_002435_00019868-00059



Arsenic and Inorganic Arsenic Compounds

Regulations

Consumer Product Safety Commission (CPSC)
Fireworks devices shall not contain arsenic sulfide, arsenates, or arsenites.
Department of Transportation (DOT)

Inorganic arsenic compounds are considered hazardous materials, and orthoarsenic acid is considered
a marine pollutant; special requirements have heen set for marking, labeling, and transporting
these materials.

Environmental Protection Agency (EPA)
Clean Air Act

Mobile Source Air Toxics: Arsenic compounds are listed as mobile source air toxics for which regulations
are to be developed.

National Emissions Standards for Hazardous Air Pollutants: Arsenic compounds are fisted as hazardous
air pollutants.

Prevention of Accidental Release: Threshold quantity (TQ) = 15,000 Ib for arsenous trichloride;
= 1,000 Ib for arsine.

Urban Air Toxics Strategy: Arsenic compounds are identified as one of 33 hazardous air poliutants that
present the greatest threat to public health in urban areas.

Clean Water Act

Limits have been established for arsenic in biosolids (sewage sludge) when used or disposed of via
land application, surface disposal, or incineration.

Liquid hazardous wastes containing arsenic and/or compounds at levels = 500 mg/L (as As) are
prohibited from underground injection.

Efffuent Guidelines: Arsenic and arsenic compounds are listed as toxic pollutants.

Water Quality Criteria: Based on fish or shelifish and water consumption = 0.018 pg/L for arsenic; based
on fish or shellfish consumption only = 0.14 pg/L for arsenic.

Numerous inorganic arsenic compounds are designated hazardous substances.

Comprehensive Environmental Response, Compensation, and Liability Act
Reportable quantity (RQ) = 11b for arsenic, arsenic acid, arsenic disulfide, arsenic pentoxide, arsenic

trioxide, arsenic trisulfide, arsenic oxide, arsenic trichloride, sodium arsenate, lead arsenate,
calcium arsenate, potassium arsenate, sodium arsenite, potassium arsenite, calcium arsenite.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Arsenic and arsenic compounds are listed substances subject to reporting
requirements.

Reportable quantity (RQ) = 1Ib for arsenic pentoxide, arsenic disulfide, arsenic trisulfide, arsenic
trioxide, arsenous oxide, sodium arsenate, calcium arsenate, arsenous trichloride, sodium arsenite,
potassium arsenite, arsenic; = 100 Ib for arsine.

Threshold planning quantity (TPQ) = 100 Ib for arsine; = 500 [b for arsenous trichloride;
=100 1b/10,000 Ib for arsenic pentoxide, arsenic trioxide, arsenous oxide (solids in powder form
with particle size < 100 ym or in solution or molten form/all other forms); = 500 1b/10,000 Ib for
calcium arsenate, sodium arsenite, potassium arsenite; = 1,000 1b/10,000 Ib for sodium arsenate.

Federal Insecticide, Fungicide, and Rodenticide Act

The tolerance for residues of arsanilic acid (a plant requlator) on grapefruit = 2 ppm (0.7 ppm total
arsenic).

The label of each pesticide must state whether it contains arsenic in any form and the percentage of
total and water-soluble arsenic.

Wood intended to be used in residential settings cannot be treated with chromated copper arsenate
(CCA).

Resource Conservation and Recovery Act

Characteristic Hazardous Waste: Toxicity characteristic leaching procedure (TCLP) threshold = 5.0 mg/L.

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
arsenicor its compounds = P10, PO11, P012, F032, FO34, F035,K031, K060, K084, K101, K102,
K161, K171,K172,K176.

Arsenic and arsenic compounds are listed as hazardous constituents of waste.

Safe Drinking Water Act
Maximum contaminant level (MCL) = 0.01 mg/L for arsenic.
Food and Drug Administration (FDA)

Maximum permissible level of arsenic in bottled water = 0.01 mg/L.

Specified color additives may be used in food, drugs, and cosmetics subject to limitations on arsenic
levels as prescribed in 21 CFR 73 and 74.

Maximum arsenic levels in various specified food additives range from 0.1to 3 ppm.

All drug products containing potassium arsenite are withdrawn from the market.

Labels must be put on drugs containing arsenic stating that prolonged use could cause serious injury
and to keep out of the reach of children.

Tolerances for residues of arsenic in swine, poultry meat and by-products, and chicken eggs range from
0.5t0 2 ppm.

Maximum levels allowed in food additives permitted in feed and drinking water for animals range
from3to 75 ppm.

Arsenic trioxide is a prescription drug subject to labeling and other requirements.
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Occupational Safety and Healith Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit {PEL) = 0.010 mg/mg.

Comprehensive standards for occupational exposure to arsenic have been developed.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value — time-weighted average (TLY-TWA) = 0.01 mg/m’ for inorganic arsenic
compounds; = 0.005 ppm for arsine.

National Institute for Occupational Safety and Health (NIOSH)

Immediately dangerous to life and health (IDLH) limit = 5 mg/m’ for inorganic compounds (as As).

Ceiling recommended exposure limit = 0.002 mg/m’ (15 min) for inorganic compounds (as As).

Inorganic arsenic compounds are listed as potential occupational carcinogens.

A comprehensive set of guidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

References

ATSDR. 2007. Toxicological Profile for Arsenic. Agency for Toxic Substances and Disease Registry. http://
www.atsdr.cdc.gov/toxprofiles/tp2.pdf.

Bates MN, Rey OA, Biggs ML, Hopenhayn C, Moore LE, Kalman D, Steinmaus C, Smith H. 2004, Case-
control study of bladder cancerand exposure to arsenic in Argentina. Am J Epidemiol 159(4): 381-389.
Brooks WE. 2009. 2008 Minerals Yearbook: Arsenic. U.S. Geological Survey. http://minerals.usgs.gov/
minerals/pubs/commodity/arsenic/myb1-2008-arsen.pdf.

Brooks WE. 2010. Arsenic. In Mineral Commodity Summaries 2010. 1.5, Geological Survey. http://minerals.
usgs.gov/minerals/pubs/commodity/arsenic/mcs-2010-arsen.pdf.

Cantor KP. 1997. Drinking water and cancer. Cancer Causes Control 8(3): 292-308.

Chiou HY, Chiou ST, Hsu YH, Chou YL, Tseng CH, Wei ML, Chen CJ. 2001. Incidence of transitional cell
carcinoma and arsenic in drinking water: a follow-up study of 8,102 residents in an arseniasis-endemic
area in northeastern Taiwan. Am J Epidemiol 153(5): 411-418.

Edelstein D. 1994. Arsenic. In Minerals Yearbook, Vol. |, Metals and Minerals. U.S. Geological Survey. http://
minerals.usgs.gov/minerals/pubs/commodity/arsenic/160494.pdf.

EPA. 2000. Arsenic Occurrence in Public Drinking Water Supplies. U.S. Environmental Protection Agency.
http://www.epa.gov/ogwdw/arsenic/pdfs/occurrence.pdf.

Ferreccio C, Gonzalez C, Milosavjlevic Y, Marshall G, Sancha AM, Smith AH. 2000. Lung cancer and arsenic
concentrations in drinking water in Chile. £pidemiology 11(6): 673-679.

Guo HR, Chiang HS, Hu H, Lipsitz SR, Monson RR. 1997. Arsenicin drinking water and incidence of urinary
cancers. Epidemiology 8(5): 545-550.

HSDB. 2009. Hazardous Substances Data Bank. National Library of Medicine. http://toxnet.nim.nih.gov/
cgi-bin/sis/htmigen?HSDB and search on CAS number or compound name.

IARC. 1973. Arsenic and inorganic arsenic compounds. In Some Inorganic and Organometailic Compounds.
IARC Monographs on the Evaluation of Carcinogenic Risk of Chemicals to Humans, vol. 2. Lyon, France:
International Agency for Research on Cancer. pp. 48-73.

IARC. 1980. Arsenic and arsenic compounds. In Some Metals and Metallic Compounds. 1ARC Monographs
on the Evaluation of Carcinogenic Risk of Chemicals to Humans, vol. 23. Lyon, France: International Agency
for Research on Cancer. pp. 39-141.

IARC. 1987. Arsenic and arsenic compounds. In Overall Evaluations of Carcinogenicity. IARC Monographs on
the Evaluation of Carcinogenic Risk of Chemicals to Humans, suppl. 7. Lyon, France: International Agency
for Research on Cancer. pp. 100-106.

Kurttio P, Pukkala E, Kahelin H, Auvinen A, Pekkanen J. 1999, Arsenic concentrations in well water and
risk of bladder and kidney cancer in Finland. Environ Heaith Perspect 107(9): 705-710.

Lasky T, Sun W, Kadry A, Hoffman MK. 2004. Mean total arsenic concentrations in chicken 1998-2000 and
estimated exposures for consumers of chicken. Environ Health Perspect 122(1): 18-21.

Lewis DR, Southwick JW, Ouellet-Hellstrom R, Rench J, Calderon RL. 1999. Drinking water arsenicin Utah:
A cohort mortality study. Environ Health Perspect 107(5): 359-365.

MedlinePlus. 2009. Arsenic Trioxide Injection. National Library of Medicine. http://www.nim.nih.gov/
medlineplus/druginfo/meds/a608017.html. Last accessed: 10/12/09.

NIOSH. 1990. National Occupational Exposure Survey (1981-83). Unpublished provisional data as of
7/1/90. U.S. Department of Health and Human Services. Last updated: 7/1/90. http://www.cdc.gov/
noes/noes1/07545sic.html.

Reese R Jr. 1998. Arsenic. in Mineral Commodity Summaries 1998. U.S. Geological Survey. http://minerals.
http://minerals.usgs.gov/minerals/pubs/commodity/arsenic/160398.pdf.

Rosal CG, Momplaisir GM, Heithmar EM. 2005. Roxarsone and transformation products in chicken manure:
determination by capillary electrophoresis-inductively coupled plasma-mass spectrometry. Electrophoresis
26(7-8): 1606-1614.

Report on Carcinogens, Twelfth Edition

ED_002435_00019868-00060



Substance Profiles

Steinmaus C, Yuan Y, Bates MN, Smith AH. 2003. Case-controf study of bladder cancer and drinking water
arsenic in the western United States. Am J Epidemiol 158(12): 1193-1201.

StolzJF, PereraE, Kail B, Crable B, Fisher E, Ranganathan M, Wormer L, Basu P. 2007 Biotransformation of
3-nitro-4-hydroxybenzene arsonic acid (roxarsone) and release of inorganic arsenic by Clostridium species.
Environ Sci Technol 41(3): 818-823.

TRI. 2009. TRI Explorer Chemical Report. U.S. Environmental Protection Agency. Last updated: 3/19/09.
http://www.epa.gov/triexplorer and select Arsenic.

USGS. 2001. Ground-Water Studies in Fairbanks, Alaska—A Better Understanding of Some of the United
States’ Highest Natural Arsenic Concentrations. U.S. Geological Survey. http://pubs.usgs.gov/fs/fs-0111-
01/f5-0111-01.pdf.

USGS. 2009. Arsenic statistics. In Historical Statistics for Mineral and Material Commodities in the United
States. US. Geological Survey. Last updated: 3/11/09. http://minerals.usgs.gov/ds/2005/140/arsenic.pdf.

Asbestos
CAS No. 1332-21-4

Known to be a human carcinogen

First listed in the First Annual Report on Carcinogens (1980)

Carcinogenicity

Asbestos and all commercial forms of asbestos are known to be hu-
man carcinogens based on sufficient evidence of carcinogenicity from
studies in humans.

Cancer Studies in Humans

Studies in humans have shown that exposure to asbestos causes
respiratory-tract cancer, mesothelioma of the lung and abdominal
cavity (pleural and peritoneal mesothelioma), and cancer at other tis-
sue sites. Case reports and epidemiological studies have found that
occupational exposure to chrysotile, amosite, anthophyllite, mixtures
containing crocidolite, and various complex mixtures of asbestos in-
creases the risk of lung cancer (the various forms of asbestos are
identified and described below, under Properties). The risk of lung
cancer was increased up to sixfold in vermiculite miners exposed
to tremolite and actinolite. Mesothelioma and digestive-tract can-
cer were observed in workers occupationally exposed to crocidolite,
amosite, and chrysotile; however, the results for digestive-tract can-
cer were inconsistent among studies. An excess of laryngeal cancer
was reported in studies of shipyard workers, chrysotile miners, insu-
lation workers, and other workers exposed to asbestos. People living
near asbestos factories or mines or living with asbestos workers also
developed mesothelioma. However, no clear association was found
between cancer risk and exposure to asbestos in drinking water. Co-
exposure to asbestos and tobacco smoking increased the risk of lung
cancer in a synergistic manner (i.e., the effects of co-exposure on risk
were multiplicative, rather than additive). The International Agency
for Research on Cancer concluded that there was sufficient evidence
for the carcinogenicity of asbestos in humans (IARC 1977, 1987).
Since asbestos was listed in the First Annual Report on Carcino-
gens, the evidence for the carcinogenicity of asbestos has been reeval-
uated by the Institute of Medicine (IOM) of the National Academy
of Sciences in 2006 (NAS 2006) and by IARC in 2009 (Straif et al.
2009). IARC concluded that exposure to all forms of asbestos (chrys-
otile, crocidolite, amosite, tremolite, actinolite, and anthophyllite)
was associated with an increased risk of lung cancer and mesothe-
lioma. In addition, it concluded that there was sufficient evidence
from epidemiological studies that asbestos also caused cancer of the
larynx and ovary, as well as limited evidence that it caused cancer
of the colorectum, pharynx, and stomach. In general, these conclu-
sions were consistent with the I[OM evaluation, which found suffi-
cient evidence that exposure to asbestos caused cancer of the larynx
and suggestive evidence that it caused cancer of the pharynx, stom-
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ach, and colorectum (NAS 2006). The IOM did not review studies
on lung cancer and mesothelioma.

Cancer Studies in Experimental Animals

All commercial forms of asbestos have been shown to cause cancer
in several species of experimental animals by various routes of expo-
sure (IARC 1977, 1987). Inhalation exposure to chrysotile, crocidolite,
amosite, anthophyllite, or tremolite caused mesothelioma and lung
cancer (carcinoma) in rats. Intrapleural injection of various types of
asbestos caused mesothelioma in rats and hamsters, and intraperito-
neal injection of chrysotile, crocidolite, or amosite caused peritoneal
tumors, including mesothelioma, in mice and rats. The incidence of
abdominal tumors was increased by intraperitoneal injection of cro-
cidolite in hamsters and actinolite or tremolite in rats. When filter
material containing chrysotile was added to the diet of rats, the over-
all incidence of malignant tumors (including kidney, lung, and liver
tumors) was increased. Oral administration of amosite, tremolite, or
crocidolite did not cause tumors in rats, nor did oral administration
of amosite or chrysotile in hamsters (NTP 1985, IARC 1987). Dietary
administration of chrysotile asbestos fibers of short or intermediate
lengths did not cause tumors in female rats, but dietary exposure to
the intermediate-length fibers resulted in a low incidence of benign
adenomatous polyps of the large intestine in male rats (NTP 1985).

Asbestos and the polycyclic aromatic hydrocarbon benzo[a]-
pyrene administered alone by intratracheal injection did not cause
tumors in rats, but when co-administered caused lung tumors and
mesothelioma (IARC 1977). Synergistic effects on tumor induc-
tion also were observed following co-administration of asbestos and
benzo[a]pyrene or asbestos and N-nitrosodiethylamine to hamsters
(IARC 1987).

TIARC (1977, 1987) concluded that there was sufficient evidence
in experimental animals for the carcinogenicity of asbestos, includ-
ing the following forms: actinolite, amosite, anthophyllite, chrysotile,
crocidolite, and tremolite. Since asbestos was reviewed for listing
in the First Annual Report on Carcinogens and by IARC, intrabron-
chial instillation of chrysotile has been shown to cause pulmonary
and pleural mesothelioma in rats (Fasske 1988).

Properties

Asbestos is the generic name for a group of six naturally occurring
fibrous silicate minerals, including the fibrous serpentine mineral
chrysotile and the five fibrous amphibole minerals actinolite, amosite,
anthophyllite, crocidolite, and tremolite. Asbestos minerals possess
a number of properties useful in commercial applications, includ-
ing heat stability, thermal and electrical insulation, wear and friction
characteristics, tensile strength, the ability to be woven, and resis-
tance to chemical and biological degradation. The forms are ranked
from greatest to least tensile strength as follows: crocidolite, chrys-
otile, amosite, anthophyllite, tremolite, and actinolite. Their ranking
from greatest to least acid resistance is tremolite, anthophyllite, cro-
cidolite, actinolite, amosite, and chrysotile. The forms that have been
used commercially are chrysotile, anthophyllite, amosite, and crocid-
olite (IARC 1977, ATSDR 2001, HSDB 2009).

Churysotile, the most abundant form of asbestos in industrial appli-
cations, occurs naturally in fiber bundle lengths ranging from several
millimeters to over 10 cm (Virta 2002a). Chrysotile has an idealized
chemical composition of Mg;Si,05(OH), and occurs as a curled sheet
silicate, which wraps around itself in a spiral, forming a hollow tu-
bular fiber. The hydroxyl group may, rarely, be replaced by oxvygen,
fluorine, or chlorine. In addition, small amounts of iron, aluminum,
nickel, calcium, chromium, manganese, sodium, or potassium may be
present as impurities. Natural chrysotiles occur with a range of phys-
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ical properties. Chrysotiles may be white, gray, green, or yellowish,
with a silky luster. Although chrysotile fibers are more flexible than
the amphiboles, fibers from different geological locations may differ
in flexibility. Chrysotile fibers have a net positive surface charge and
form a stable suspension in water. The fibers degrade in dilute acids
(IARC 1973, 1977, IPCS 1986).

The amphibole forms of asbestos consist of chain structures, with
nine structural sites that accommodate cations. Amphibole crystals
consist of two chains based on Si,Oy; units, linked by a band of cat-
ions. The principal cations are magnesium, iron, calcium, and so-
dium, and their ratios determine the mineral species. The chemical
composition and physical properties vary over a wide range, and the
chemical composition of a field sample seldom matches the idealized
formula. Amphibole fibers do not divide into fibrils as small in di-
ameter or as symmetrical as chrysotile fibers, and they do not have
a hollow central core. They have a negative surface charge in water
(IPCS 1986, HSDB 2009).

Amosite is ash gray, greenish, or brown and is somewhat resis-
tant to acids. It tends to occur with more iron than magnesium, at a
ratio of approximately 5.5 to 1.5. The fibers are long, straight, coarse,
and somewhat flexible (less so than chrysotile or crocidolite) (IARC
1973,1977, IPCS 1986).

Anthophvllite is grayish white, brown-gray, or green and is very
resistant to acids. It is relatively rare and occasionally occurs asa con-
taminant in talc deposits. The fibers are short and very brittle JARC
1973, 1977, IPCS 1986).

Crocidolite is lavender or blue and has good resistance to acids,
but less heat resistance than other asbestos fibers. Its fibers typically
are shorter and thinner than those of other amphiboles, but not as
thin as chrysotile fibers. The fibers have fair to good flexibility and
fair spinnability. Crocidolite usually contains organic impurities, in-
cluding low levels of polycyclic aromatic hydrocarbons (IARC 1973,
1977, IPCS 1986).

Tremolite is a calcium-magnesium amphibole, and actinolite is an
iron-substituted derivative of tremolite. Both occur in asbestos and
non-asbestos forms. Tremolite is a common contaminant in chrys-
otile and talc deposits, and actinolite is a common contaminant in
amosite deposits. Tremolite is white to gray, and actinolite is pale to
dark green. Both are brittle; tremolite is resistant to acids, but actin-
olite is not (IARC 1977, IPCS 1986).

Use

Although asbestos use dates back at least 2,000 years, modern in-
dustrial use began around 1880. Use of asbestos peaked in the late

1960s and early 1970s, when more than 3,000 industrial applications

or products were listed. Asbestos has been used in roofing, ther-
mal and electrical insulation, cement pipe and sheets, flooring, gas-
kets, friction materials, coatings, plastics, textiles, paper, and other
products (ATSDR 2001, HSDB 2009). The U.S. Consumer Product

Safety Commission banned use of asbestos in general-use garments,
but asbestos may be used in fire-fighting garments if they are con-
structed to prevent release of asbestos fibers (HSDB 2009). Domes-
tically used asbestos fibers are classified into seven quality categories

or grades. Grades 1, 2, and 3 include the longer, maximum-strength

fibers and generally are used in the production of textiles, electri-
cal insulation, and pharmaceutical and beverage filters. Grades 4, 5,
and 6 are medium-length fibers used in the production of asbestos-
cement pipes and sheets, clutch facings, brake linings, asbestos paper,
packaging, gaskets, and pipe coverings. Grade 7 includes short fibers

generally used as reinforcers in plastics, floor tiles, coatings and com-
pounds, some papers, and roofing felts (OSHA 1986).
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The four commercially important forms of asbestos have been
chrysotile, amosite, anthophyllite, and crocidolite (IARC 1973); how-
ever, commercial use of anthophvyllite was discontinued by the 19803
(IPCS 1986, HSDB 2009). Chrysotile, amosite, and particularly crocid-
olite all have extremely high tensile strengths and are used extensively
as reinforcers in cements, resins, and plastics. Although chrysotile
is most adaptable to industrial use, crocidolite and amosite are par-
ticularly useful in combination with chrysotile for adding specific
properties, such as rigidity (OSHA 1986). By the 1990s, chrysotile
accounted for more than 99% of U.S. asbestos consumption (ATSDR
2001). By 2008, chrysotile was the only type of asbestos used in the
United States (Virta 2008); 64% of chrysotile used was categorized
as grade 7 asbestos (with fiber lengths less than 3 mm), followed by
grades 4, 5, and 3 (Virta 2002a, 2009).

In 1973, when U.S. consumption of asbestos was at its peak, the
major markets included asbestos cement pipe (24%), flooring (22%),
roofing (9%), friction products, such as automobile brakes and
clutches (8%), and packing and gaskets (3%) (Virta 2002a). In 2009,
roofing products accounted for about 65% of U.S. consumption; the
remaining 35% was attributed to “other uses” (USGS 2010).

Production

U.S. demand for asbestos increased dramatically from 1900 to the

early 1970s. By 1950, the United States was the world’s largest user
of asbestos. However, asbestos demand declined rapidly after 1973

as health and liability issues became apparent (Virta 2002a). Before

the 1980s, asbestos was produced in California, Arizona, North Car-
olina, and Vermont; however, most of these facilities suspended min-
ing operations in the 1970s, and the last U.S. asbestos mine closed

in 2002 (ATSDR 2001, Virta 2002b). U.S. production of asbestos de-
creased from a high of 136,000 metric tons (300 million pounds) in

1973 to 2,720 metric tons (6 million pounds) in 2002 (USGS 2009).
U.S. asbestos consumption declined from a maximum of 803,000

metric tons (1.8 billion pounds) in 1973 to 715 metric tons (1.6 mil-
lion pounds) in 2009 (USGS 2009, 2010). In 2010, two U.S. suppliers

of asbestos were identified (ChemSources 2009). Most of the asbes-
tos used in the United States is imported from Canada (Virta 2008).
U.S. imports of asbestos peaked in 1973, at 718,000 metric tons (1.6

billion pounds) and totaled 715 metric tons (1.6 million pounds) in

2009 (USGS 2009, 2010). U.S. asbestos exports peaked in 1981 at

64,400 metric tons (142 million pounds), declining to 55 metric tons

(121,000 pounds) in 2009.

Exposure

The primary routes of potential human exposure to asbestos are in-
halation and ingestion. Dermal absorption of asbestos is minimal,
but dermal contact may lead to secondary ingestion or inhalation
of dust. Asbestos fibers vary with respect to size (length and diame-
ter) and chemical composition. These differences are known to affect
deposition, movement, and clearance from the body and carcino-
genic potency. Fiber diameter is the most important factor affect-
ing penetration and deposition in the lungs. Thin fibers have the
greatest inhalation potential and deposit deep within the lungs. Fiber
length, surface chemistry, and other properties affect biological ac-
tivity. Fibers longer than 8 um with a diameter of less than 1.5 um
are the most potent carcinogens (IPCS 1986).

Asbestos is released to the environment from both natural and an-
thropogenic sources and has been detected in indoor and outdoor air,
soil, drinking water, food, and medicines. Because asbestos products
were used so widely, the entire U.S. population potentially is exposed
to some degree; however, the potential for exposure continues to de-
cline, because asbestos mining has stopped, and asbestos products are
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being eliminated from the market. Releases from asbestos materials
in buildings and vehicle brake linings account for substantial emis-
sions of asbestos into the air. Demolition of buildings with asbestos
insulation or fireproofing may cause high atmospheric concentrations
for relatively short periods. Environmental asbestos concentrations
vary widely; therefore, it is not possible to accurately calculate hu-
man exposure levels except on a site-by-site basis. People may be ex-
posed to higher-than-average levels of ashestos in air if they live near
asbestos-containing waste sites or asbestos-related industries, if they
use asbestos-containing products, or if they live or work in buildings
with deteriorating asbestos insulation or that have undergone poorly
performed asbestos removal (ATSDR 2001). In the past, families of
asbestos workers potentially were exposed to high fiber levels from
contaminated clothing brought home for laundering. People living
in households with asbestos workers were found to have significantly
elevated lung burdens of asbestos, often in the same range as found
in individuals occupationally exposed to asbestos, such as shipyard
workers. The asbestos-fiber burdens of occupants of a building con-
taining asbestos insulation, on the other hand, were comparable to
those of individuals with no known occupational exposure to asbes-
tos (IARC 1977, Roggli and Longo 1991).

According to the U.S. Environmental Protection Agency’s Tox-
ics Release Inventory, almost all environmental releases of asbestos
are to landfills. Reported releases declined about 80% from 1988 to
1997, then increased between 1998 and 2001, when 18.2 to 24.4 mil-
lion pounds was released to landfills annually. Releases returned to
lower levels after 2002. In 2007, 30 industrial facilities (mostly waste-
management companies) reported releasing or disposing of about
10.5 million pounds of friable (readily crumbled) asbestos (TRI 2009).

In the past, occupational exposure occurred primarily during the
mining and milling of asbestos, during the manufacture of all asbes-
tos products, and in the construction and shipbuilding industries.
Occupational exposure still occurs among workers who use asbes-
tos end products, such as asbestos insulation workers, brake repair
and maintenance workers, building demolition workers, and asbes-
tos abatement workers (IARC 1977, ATSDR 2001, HSDB 2009). The
National Occupational Exposure Survey (conducted from 1981 to
1983) estimated that 215,265 workers, including 9,727 women, po-
tentially were exposed to asbestos and that 92,033 workers, including
13,262 women, potentially were exposed to chrysotile (NIOSH 1990).
In 1990, the U.S. Occupational Safety and Health Administration es-
timated that about 568,000 workers in production and services in-
dustries and 114,000 workers in construction industries potentially
were exposed to asbestos (ATSDR 2001). No more recent occupa-
tional exposure estimates were found.

Regulations

Consumer Product Safety Commission (CPSC)

Consumer patching compounds containing intentionally added respirable, free-form asbestos are
banned.

Artificial emberizing materials (ash and embers) containing respirable free-form asbestos are banned.

General-use garments containing asbestos (other than those needed for personal protection and
constructed so that asbestos fibers will not become airborne) are banned.

Certain household products containing intentionally added asbestos that release asbestos fibers are
subject to cautionary labeling requirements.

Department of Transportation (DOT)

Asbestos is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean AirAct

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

Clean Water Act

Effluent Guidelines: Listed as a toxic pollutant.
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Water Quality Criteria: Based on fish or shelifish and water consumption = 7 million fibers per liter.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ)=11b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Safe Drinking Water Act

Maximum contaminant level (MCL) =7 million fibers per liter for fibers longer than 10 ym.

Toxic Substances Control Act

Rules have been established for identifying, analyzing, and disposing of asbestos found in schools, and
prohibitions on the manufacturing and import of asbestos products have been established.

Mine Safety and Health Administration

Permissible exposure limit (PEL) for miners {surface and underground coal, metal, and nonmetal
mines): Full-shift limit = 0.1 fiber/cm® (8-h time-weighted average); excursion limit =
1 fiber/cm’ (30-min sample).

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Ceiling concentration = 1 fiber/cm® {excursion limit) as averaged over a sampling period of 30 min.

Permissible exposure limit (PEL) = 0.1 fiber/cm’ for fibers longer than 5 ym having a length-to-
diameter ratio of at least 3to 1.

Comprehensive standards for occupational exposure to asbestos have been developed.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value ~ time-weighted average (TLV-TWA) = 0.1 respirable fiber/cc {cm®).
National Institute for Occupational Safety and Health (NIOSH)

Listed as a potential occupational carcinogen.
Recommended exposure limit (REL) = 0.1 fiber/cm? {fibers longer than 5 ym).
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Azacitidine
CAS No. 320-67-2

Reasonably anticipated to be a human carcinogen
First listed in the Eighth Report on Carcinogens (1998)

Also known as 5-azacytidine, 5-azaC, or Vidaza (a registered
trademark of Celgene Corporation)

NH,

NZ N

Py

Carcinogenicity
Azacitidine is reasonably anticipated to be a human carcinogen based

on sufficient evidence of carcinogenicity from studies in experimen-
tal animals.

Cancer Studies in Experimental Animals

Exposure to azacitidine by injection caused tumors at several different
tissue sites in mice and rats. Intraperitoneal injection of azacitidine
caused cancer of the hematopoietic system (lymphocytic or histio-
cytic lymphoma or granulocytic leukemia or sarcoma) in female mice
and skin and lung tumors in mice of both sexes. Prenatal exposure
of mice to azacitidine caused leukemia, lymphoma, and tumors of
the lung and liver (NCI 1978, Luz and Murray 1988, IJARC 1990). In
male rats, intraperitoneal injection of azacitidine caused skin cancer
(squamous-cell carcinoma) and tumors of the testis (interstitial-cell
neoplasia) (IARC 1990).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the relation-
ship between human cancer and exposure specifically to azacitidine.

Studies on Mechanisms of Carcinogenesis

In an initiation-promotion study, partially hepatectomized male rats

were administered N-nitrosodiethylamine followed by chronic ad-
ministration of azacitidine by intraperitoneal injection. The incidence

of liver tumors and the combined incidence of skin and lung tumors

were increased; all surviving rats developed hyperplastic liver nod-
ules (Carr et al. 1988, IARC 1990).

Azacitidine in the absence of mammalian metabolic activa-
tion is genotoxic in a wide variety of prokaryotic, lower eukaryotic,
and mammalian in vitro test systems. It caused DNA damage and
base-pair substitution mutations (but not frame-shift mutations) in
prokaryotic systems and mitotic recombination, gene conversion,
chromosomal aberrations, and gene mutations in somatic and germ
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cells of lower eukaryotes (veast, fruit flies, and plants). In cultured
rodent cells, azacitidine inhibited DNA synthesis and caused sister
chromatid exchange, chromosomal aberrations, gene mutations (in
some but not all studies), and morphological cell transformation. In
cultured human cells, azacitidine caused DNA damage and gene mu-
tations; studies on sister chromatid exchange and chromosomal aber-
rations gave conflicting results. Azacitidine did not cause dominant
lethal mutations in male mice exposed in vivo (IARC 1990).

The carcinogenic or tumor-enhancing activity of azacitidine has
been postulated to result directly or indirectly from its ability to in-
hibit DNA methylation (Harrison et al. 1983, Riggs and Jones 1983,
Kerbel et al. 1984, 1986, Takenaga 1986, Glover and Leyland-Jones
1987, Glover et al. 1987, IARC 1990, Jones and Buckley 1990, Haaf
1995). Altered levels of DNA methylation can affect gene expression
(Cedar 1988, IARC 1990, Fajkus et al. 1992, Velge et al. 1995), and
hypomethylation is associated with the expression of genes that are
normally silent or downregulated. DNA hypomethylation is somati-
cally heritable, causing alterations in gene expression that are main-
tained in daughter cells as the affected cells proliferate (Holliday 2006).
In pBOR-II-3 mice, which are transgenic for the interleukin-3 (IL-3)
gene (expression of which is driven by a long-terminal repeat), in-
jection of azacitidine increased the incidence of thymic lymphoma
over that observed in nontransgenic controls. The authors concluded
that increased expression of IL-3, resulting from demethylation of the
transgene long-terminal repeat by azacitidine, was responsible for the
increased incidence of lymphoma (Saavedra et al. 1996). There is no
evidence to suggest that the mechanisms by which azacitidine causes
tumors in experimental animals would not also operate in humans.

Properties

Azacitidine is a pyrimidine analogue of cytidine that exists at room

temperature as a white crystalline powder (IARC 1990). It is solu-
ble in warm and cold water, 0.1 N hydrochloric acid, 0.1 N sodium

hydroxide, 35% ethanol, and dimethyl sulfoxide, and slightly soluble

in acetone, chloroform, and hexane. Azacitidine is stable under nor-
mal temperatures and pressures (Akron 2009), but is very unstable in

aqueous solution, breaking down to complex products within hours

(TARC 1990). Its stability in aqueous solutions depends on pH; in neu-
tral and alkaline solutions, it has a half-life of 4 hours, but in Ringer’s

solution (pH 6.2), its half-life is 65 hours (Glover and Leyland-Jones

1987). Physical and chemical properties of azacitidine are listed in

the following table.

Property Information

Molecular weight 244.2°

Melting point 228°C to 230°C {decomposes)®
Log K., -3.83°

Water solubility 89 g/t at 25°C°

Vapor pressure 4.1x 1072 mm Hg at 25°C°
Sources: “HSDB 2009, *ChemiDplus 2009.

Use

Azacitidine is a cytostatic anticancer drug that has been used in the
United States since 1970. (NCI 1978). One product containing azacit-
idine as the active ingredient has been approved by the U.S. Food and
Drug Administration; it is available in 100-mg vials for subcutane-
ous injection (FDA 2009). Azacitidine is approved to treat chronic
myelomonocytic leukemia and myelodysplastic syndromes. It is also
used to treat acute myeloblastic leukemia, breast cancer, colon can-
cer, melanoma, and ovarian cancer (IARC 1990, Santini ef al. 2001,
Celgene 2010). Azacitidine is also used in clinical trials in combina-
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tion with other antineoplastic agents, such as vincristine, prednisone,
vinblastine, cytarabine, or amsacrine (IARC 1990).

Production

Azacitidine may be produced synthetically or isolated from the bac-
terium Streptoverticillium ladakanus (IARC 1990). In 2009, azacit-
idine was available from 22 suppliers worldwide, including 15 U.S.
suppliers (ChemSources 2009). No data on U.S. imports or exports
of azacitidine were found.

Exposure

The primary route of human exposure to azacitidine is intravenous
or intramuscular injection in patients receiving anticancer therapy.
Daily doses are 40 to 750 mg/m? of body surface. The typical treat-
ment regimen starts with a dose of 75 mg/m? daily for one week of
every four-week period (IARC 1990, Riley and DeRuiter 2005); the
dose may be increased to 100 mg/m? as needed and if side effects are
tolerable. In 2009, 80 clinical trials using azacitidine (alone or in com-
bination with other drugs) for treatment of several types of cancer
were in progress or recently completed (Clinical Trials 2009). Occupa-
tional exposure could occur among health professionals and support
staff (including custodians) by dermal contact, inhalation, or acciden-
tal ingestion during drug preparation or administration or cleanup
of medical waste, including disposal of excretions from treated pa-
tients (Zimmerman et al. 1981, NIOSH 2004). The National Qccu-
pational Exposure Survey (conducted from 1981 to 1983) estimated
that 1,069 health-services workers, including 698 women, potentially
were exposed to azacitidine (NIOSH 1990).

Regulations

Food and Drug Administration (FDA)
Azicitidine is requiated as a prescription drug subject to labeling and other requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Azathioprine
CAS No. 446-86-6

Known to be a human carcinogen

First listed in the Fourth Annual Report on Carcinogens (1985)

OuN HN-\

Carcinogenicity

Azathioprine is known to be a human carcinogen based on sufficient
evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Two large prospective epidemiological studies reported high inci-
dences of non-Hodgkins lymphoma, skin cancer (squamous-cell
carcinoma), connective-tissue tumors (mesenchymal tumors), and
cancer of the liver, bile ducts, or gallbladder (hepatobiliary carci-
noma) in kidney-transplant patients, who are treated almost rou-
tinely with azathioprine and prednisone. Other patients treated with
azathioprine (e.g., patients with rheumatoid arthritis, systemic lupus
and other collagen disorders, inflammatory bowel disease, and cer-
tain skin and renal diseases) also had an increased, although lower,
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risk of the same cancers as seen in the transplant patients. Rheuma-
toid arthritis is also a risk factor for non-Hodgkin’s lymphoma (IARC
1981, 1982, 1987).

Cancer Studies in Experimental Animals

Evidence for the carcinogenicity of azathioprine from studies in ex-
perimental animals is limited. Cancer of the ear duct (squamous-cell

carcinoma) was observed in rats orally exposed to azathioprine, and

lymphoma was observed in mice exposed to azathioprine by intraper-
itoneal, subcutaneous, or intramuscular injection. The International

Agency for Research on Cancer (IARC 1981, 1982, 1987) considered

these results to be inconclusive because of limitations in the study

designs and inadequate reporting of these studies.

Properties

Azathioprine is a purine analogue and antimetabolite (an inhibitor

of purine synthesis) that exists as pale-yellow crystals at room tem-
perature. It is insoluble in water, very slightly soluble in ethanol and

chloroform, sparingly soluble in dilute mineral acids, and soluble in

dilute alkaline solutions. It is sensitive to oxidation and decomposes

in strong alkali solutions (IARC 1981). Physical and chemical prop-
erties of azathioprine are listed in the following table.

Property Information

Molecular weight 277.3°

Melting point decomposes at 243°C to 244°C*
Log K., 0.1°

Water solubility 0.272 g/L at 25°C°

Vapor pressure 241 % 10”2 mm Hg at 25°C°
Dissociation constant (pK,) 8.2°

Sources: *HSDB 2009, ®°ChemIDplus 2009.

Use

Azathioprine is an immunosuppressive agent, generally used in com-
bination with a corticosteroid to prevent rejection following alloge-
neic kidney transplants (i.e., from genetically different donors) and
to manage severe cases of rheumatoid arthritis in adults when other
treatments have failed. It may also be used following transplanta-
tion of other organs and as a second-line treatment for a variety of
immunological diseases, such as systemic lupus erythematosus, au-
toimmune hemolytic anemia, chronic active hepatitis, ulcerative coli-
tis, Crohn’s disease, and myasthenia gravis JARC 1981, IPCS 1996,
HSDB 2009).

Production

Azathioprine was first produced commercially in the United States

in 1970 and was manufactured by one U.S. company (IARC 1981). In

2009, no U.S. producers of azathioprine were identified (SRI 2009},
but it was available from at least nine U.S. suppliers (ChemSources

2009), and five U.S. pharmaceutical companies produced drugs ap-
proved by the U.S. Food and Drug Administration containing azathi-
oprine as the active ingredient (FDA 2009). No data on U.S. imports

or exports of azathioprine were found.

Exposure

The routes of exposure to azathioprine during medical treatment are
ingestion and intravenous injection. Kidney-transplant patients and
adults with severe cases of rheumatoid arthritis or other immunolog-
ical diseases may be treated with azathioprine (IARC 1981). Azathio-
prine is available in 25-, 50-, 75-, and 100-mg tablets and in injectable
form as the sodium salt in 100-mg vials (FDA 2009). The usual dose
is 3 to 5 mg/kg of body weight daily for kidney transplant patients,
which may be reduced to 1 to 3 mg/kg for maintenance. For rheuma-
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toid arthritis, the initial dose is 1 mg/kg per day, and the dose may
be increased to 2.5 mg/kg per day (RxList 2009). In 2008, sales of ge-
neric forms of azathioprine totaled $53 million (Drug Topics 2009a).
Azathioprine was not among the 200 most-prescribed generic drugs

in 2008 (Drug Topics 2009b).

Occupational exposure to azathioprine may occur via inhalation of
dust during its manufacture, formulation, and packaging. In a study
at a pharmaceutical plant in South Africa, the highest median con-
centrations of azathioprine dust measured were 0.26 mg/m® in the
breathing zone and 0.07 mg/m?® in personal air samples (Jeebhay et al.
1993). The National Occupational Exposure Survey (conducted from
1981 to 1983) estimated that 1,849 workers, including 880 women,
potentially were exposed to azathioprine (NIOSH 1990).

Regulations

Consumer Product Safety Commission (CP5C)

Any orally administered prescription drug for human use requires child-resistant packaging.
Food and Drug Administration (FDA)

Azathioprine is a prescription drug subject to labeling and other requirements.
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Basic Red 9 Monohydrochloride
CAS No. 569-61-9

Reasonably anticipated to be a human carcinogen
First listed in the Fifth Annual Report on Carcinogens (1989)
Also known as C.I basic red monohydrochloride, C.I. 42500, or

pararosaniline hydrochloride

NHz* CI

\ |

|

HoN

Carcinogenicity
Basic red 9 monohydrochloride is reasonably anticipated to be a hu-

man carcinogen based on sufficient evidence of carcinogenicity from
studies in experimental animals.

Cancer Studies in Experimental Animals

Exposure to basic red 9 monohydrochloride caused tumors in two
rodent species, at several different tissue sites, and by two different
routes of exposure. Oral administration of basic red 9 monohydro-
chloride caused liver cancer (hepatocellular carcinoma) in mice of
both sexes and in male rats. In rats of both sexes, it caused cancer of
the Zymbal gland (carcinoma), benign and malignant thyroid-gland
tumors (follicular-cell adenoma and carcinoma), and benign skin tu-
mors (fibroma). It also caused benign and malignant skin tumors (se-
baceous adenoma, trichoepithelioma, and squamous-cell carcinoma)
in male rats and benign adrenal-gland tumors (pheochromocytoma)
in female mice. Other tumors possibly resulting from oral exposure
were mammary-gland tumors in female rats and tumors of the he-
matopoietic system in female mice. Subcutaneous injection of basic
red 9 monohydrochloride caused cancer at the injection site (sar-
coma) in rats of unspecified sex (IARC 1974, 1987).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to basic red 9 monohydrochloride. Evidence for the possible
carcinogenicity of basic red 9 monohydrochloride in humans comes
from an epidemiological study in which the incidence of urinary-
bladder tumors was elevated among workers involved in the manu-
facture of magenta dye, of which basic red 9 monohydrochloride is
a component (IARC 1974). However, it is not possible to determine
whether the increased incidence of cancer in magenta workers was
attributable to exposure to magenta or to one or more of its interme-
diates and impurities, such as o-toluidine or aniline.

Since basic red 9 monohydrochloride was listed in the Fifth An-
nual Report on Carcinogens, the International Agency for Research
on Cancer has reaffirmed that the evidence for carcinogenicity in
humans is inadequate for magenta and basic red 9 monohydrochlo-
ride and sufficient for the manufacture of magenta (Baan et al. 2008).

Properties

Basic red 9 monohydrochloride is a triphenylmethane dye that is a
colorless to red or dark-green crystalline powder at room tempera-
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ture. It is slightly soluble in water and ether and soluble in ethanol,
methanol, and ethylene glycol methyl ether (HSDB 2009). It is sta-
ble under normal temperatures and pressures, but may decompose if
heated (Akron 2009). Physical and chemical properties of basic red 9

monohydrochloride are listed in the following table.

Property Information

Molecular weight 323.8°

Melting point 268°C to 270°C {decomposes)®
Log K, 021°

Water solubility 3g/Lat 25°Ct

Vapor pressure 9.26 x 107" mm Hg®
Sources: *HSDB 2009, "ChemiDplus 2009.

Use

Basic red 9 monohydrochloride can be used to make C.I solvent
blue 23 and is a component of magenta dye (C.I. 42510). The Bio-
logical Stain Commission has determined that magenta must con-
tain at least 50% C.1. basic red 9 in order to perform satisfactorily as
a component of nutrient agar used in biological testing. Basic red 9
monohydrochloride is also used as a biological stain and as a dye for
textiles (silks and acrylics), leather, fur, paper, carbon paper, plas-
tics, glass, waxes, polishes, soaps, cosmetics, drugs, toilet sanitary
preparations, automobile antifreeze solutions, anodized aluminum,
high-speed photoduplicating inks, photo-imaging systems, and ink-
jet computer printers (NTP 1986, IARC 1993, HSDB 2009).

Production

Two U.S. companies produced over 900 kg (2,000 1b) of C.L basic
red 9 in 1972, over 450 kg (1,000 Ib) in 1975, and between 1 million
and 10 million pounds in 1977 (NTP 1986, HSDB 2009). In 2009, no
commercial producers of basic red 9 monohydrochloride were iden-
tified worldwide; however, 14 suppliers were identified, including 12
U.S. suppliers (ChemSources 2009). In 1974, the United States im-
ported 2,000 kg (4,410 1b) of basic red 9 (HSDB 2009); no more re-
cent data on U.S. exports or imports were found.

Exposure

The routes of potential human exposure to basic red 9 monohydro-
chloride are dermal contact, inhalation, and ingestion. Laboratory
personnel who use and handle basic fuchsin dye might be exposed
to basic red 9 monohydrochloride (HSDB 2009). Exposure might
also occur through its use in magenta used in photoduplicating inks,
photo-imaging systems, and ink-jet computer printers. The National
Occupational Exposure Survey (conducted from 1981 to 1983) esti-
mated that 907 workers (mostly from the Food and Kindred Products
and Health Services industries), including 733 women, potentially
were exposed to basic red 9 monohydrochloride (NIOSH 1990).

Regulations and Guidelines

Department of Transportation (DOT)

Toxic dyes and toxic dye intermediates are considered hazardous materials, and special requirements
have been set for marking, labeling, and transporting these materials.
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Benzene
CAS No. 71-43-2

Known to be a human carcinogen

First listed in the First Annual Report on Carcinogens (1980)

Carcinogenicity
Benzene is known to be a human carcinogen based on sufficient evi-
dence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Case reports and case series have reported leukemia (mostly acute
myelogenous leukemia, also known as acute myeloid or myelocytic
leukemia) in individuals exposed to benzene. The strongest epide-
miological evidence that benzene causes cancer is from several co-
hort studies in various industries and geographical locations, which
found that occupational exposure to benzene increased the risk of
mortality from leukemia (mainly acute myelogenous leukemia). Case-
control studies also reported that exposure to benzene increased the
risk of leukemia, but the usefulness of these studies was limited by
poorly defined exposures and mixed exposure patterns (IARC 1974,
1982, 1987).

Since benzene was reviewed for listing in the First Annual Re-
port on Carcinogens and by the International Agency for Research
on Cancer, numerous epidemiological studies of benzene exposure
have been published. Some studies found that the risk of leukemia
increased with increasing benzene exposure; increased risk of death
from leukemia was very high in the groups with the highest expo-
sure (IPCS 1993). Savitz and Andrews (1997) reviewed 18 commu-
nity-based and 16 industry-based studies of benzene exposure and
suggested that the evidence supported an association between ben-
zene expostre and leukemia in general, rather than specifically with
acute myelogenous leukemia. Most studies found that benzene expo-
sure increased the risks of total lymphatic and hematopoietic cancer,
total leukemia, and specific histologic types of leukemia, including
chronic lymphocytic leukemia, as well as acute myelogenous leuke-
mia. Little evidence was found for an association between benzene
exposure and multiple myeloma or non-Hodgkin’s lymphoma.

Cancer Studies in Experimental Animals

Studies in experimental animals, including many published after
benzene was listed in the First Annual Report on Carcinogens, have

60

Substance Profiles

demonstrated that benzene causes cancer at numerous tissue sites in

rodents. Oral exposure to benzene caused cancer of the Zymbal gland

(carcinoma) in rats and mice of both sexes, cancer of the oral cav-
ity (squamous-cell carcinoma) in rats of both sexes, malignant lym-
phoma and lung cancer (alveolar/bronchiolar carcinoma) in mice of
both sexes, skin cancer (squamous-cell carcinoma) in male rats, be-
nign tumors of the Harderian gland (adenoma) and cancer of the pre-
putial gland (carcinoma) in male mice, and benign ovarian tumors

and cancer of the mammary gland (carcinoma and carcinosarcoma)

in female mice (NTP 1986, Huff et al. 1989). Inhalation exposure to

benzene caused tumors at many tissue sites in rats and a tendency
towards induction of lymphoid tumors in mice. Benzene adminis-
tered by intraperitoneal injection caused benign lung tumors in male

mice (IARC 1982, 1987). Dermal application of benzene caused be-
nign skin tumors in transgenic mice carrying the v-Ha-ras onco-
gene, which increases their susceptibility to carcinogens (Blanchard

et al. 1998, Spalding et al. 1999, French and Saulnier 2000). In het-
erozygous p53-deficient mice (with only one functional copy of the

p53 tumor-suppressor gene), benzene administered by stomach tube

caused cancer (sarcoma) of head and neck, thoracic cavity, and sub-
cutaneous tissue (French et al. 2001, Hulla ef al. 2001).

Properties

Benzene is the primary aromatic compound. It exists at room tem-
perature as a clear, colorless-to-yellow liquid with an aromatic odor.
It is only slightly soluble in water, but it is miscible with alcohol, ether,
chloroform, carbon disulfide, acetone, oils, carbon tetrachloride, gla-
cial acetic acid, and most other organic solvents. Benzene is highly
flammable (Akron 2009). Physical and chemical properties of ben-
zene are listed in the following table.

Property Information
Molecular weight 78.1

Specific gravity 0.8787 at 15°C/4°C
Melting point 55°C

Boiling point 80.1°C

Log K, 213

Water solubility 1.79g/L at 25°C
Vapor pressure 94.8 mm Hg at 25°C
Vapor density relative to air 2.8

Source: HSDB 2009.

Use

Benzene is used primarily as a solvent in the chemical and pharma-
ceutical industries, as a starting material and intermediate in the syn-
thesis of numerous chemicals, and in gasoline. As a raw material, it is
used in the synthesis of ethylbenzene (used to produce styrene) (53%),
cumene {used to produce phenol and acetone) (22%), cyclohexane
(12%), nitrobenzene (used to produce aniline and other chemicals)
(5%), detergent alkylate (linear alkylbenzene sulfonates) (3%), and
chlorobenzenes and other products (5%). Benzene is used as an ad-
ditive in gasoline, but it also is present naturally in gasoline, because
it occurs naturally in crude oil and is a by-product of oil-refining pro-
cesses. The percentage of benzene in unleaded gasoline is approxi-
mately 1% to 2% by volume (ATSDR 1997, HSDB 2009).

Production

Benzene has been produced commercially from coal since 1849 and
from petroleum since 1941. Since 1959, the major U.S. source of
benzene has been petroleum (IARC 1989). In 1994, benzene ranked
17th in production volume among chemicals produced in the United
States. U.S. production of benzene increased from 5.4 million met-
ric tons (12.0 billion pounds) in 1992 to 7.2 million metric tons (15.8
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billion pounds) in 2002, an average increase of 2.8% per year (CEN
2003). Annual production during this period was highest in 2000, at
8.1 million metric tons (17.8 billion pounds). In 2009, 59 U.S. man-
ufacturers (SRI 2009) and 24 U.S. suppliers of benzene were identi-
fied (ChemSources 2009). In 2002, U.S. imports of benzene totaled
over 4 billion liters (1.1 billion gallons), which greatly exceeded ex-
ports of 6 million liters (1.6 million gallons). This trend continued in
2008, when 3.9 billion liters (1.03 billion gallons) was imported and
49.6 million liters (13.1 million gallons) was exported (USITC 2009).

Exposure

The primary route of human exposure to benzene is inhalation of
ambient air. Benzene is present in the atmosphere both from nat-
ural sources, which include forest fires and oil seeps, and from in-
dustrial sources, which include automobile exhaust, industrial
emissions, and fuel evaporation from gasoline filling stations. Ben-
zene has been measured in outdoor air at various U.S. locations at
concentrations ranging from 0.02 ppb (0.06 pg/m®) ina rural area to
112 ppb (356 pg/m?) in an urban area. The maximum 24-hour aver-
age concentrations of benzene reported for four U.S. cities in 2004
were 1.1 ppb (3.5 ug/m®) for St. Louis, Missouri, 2.7 ppb (8.6 pg/m?)
for Chicago, lllinois, 2.9 ppb (9.3 pg/m®) for Los Angeles, Califor-
nia, and 73.5 ppb (234.8 pg/m®) for Houston, Texas (Clements et al.
2006). Exposure to benzene is highest in areas of heavy motor vehi-
cle traffic and around gasoline filling stations. Based on an average
benzene concentration of 12.5 ppb (40 pg/m®) in the air and expo-
sure of 1 hour per day, daily benzene intake from driving or riding in
a motor vehicle is estimated to be 40 pg. Exposure is greater among
people who spend significant time in motor vehicles in areas of con-
gested traffic. In addition, pumping of gasoline can be a significant
source of benzene exposure; for an individual spending 70 minutes
per year pumping gasoline, daily benzene intake is estimated to be
10 pg (ATSDR 1997).

The general population can also be exposed to benzene by inhal-
ing air containing tobacco smoke, drinking contaminated water, or
eating contaminated food. About half of the total national exposure
to benzene comes from cigarette smoke. The median level of benzene
was 2.2 ppb (7 pg/m®) in 185 homes without smokers and 3.3 ppb
{(10.5 pg/m®) in 343 homes with one or more smokers. Amounts of
benzene measured per cigarette ranged from 5.9 to 75 pg in main-
stream smoke and from 345 to 653 pg in sidestream smoke. Benzene
has been detected in fruits, vegetables, nuts, dairy products, eggs,
and fish. In a 1992 survey of more than 50 foods, benzene concen-
trations in foods containing both benzoate and ascorbate food addi-
tives ranged from less than 1 to 38 ppb (< 3 to 120 pug/m®) (ATSDR,
1997). According to the U.S. Environmental Protection Agency’s Tox-
ics Release Inventory, environmental releases of benzene decreased
from 34 million pounds in 1988 to 6 million pounds in 2001, when
5 million pounds was released to air and 19,000 1b to water. In 2007,
775 facilities released 6.3 million pounds of benzene (TRI 2009). Ben~
zene levels in water in the vicinity of four manufacturing facilities us-
ing or producing benzene ranged from less than 1 to 179 ppb (<3 to
569 pg/m®) (ATSDR, 1997).

Occupational exposure may occur during production of benzene
or use of substances containing it. In the vulcanization step of tire
manufacturing, benzene was measured at concentrations of up to
27.2 mg/m?®, resulting in an estimated daily intake of 0.0045 mg/kg of
body weight for workers (Durmusoglu 2007). The National Occupa-
tional Health Survey (conducted from 1972 to 1974) estimated that
147,600 U.S. workers potentially were exposed to benzene (NIOSH
1976), and the National Occupational Exposure Survey (conducted
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from 1981 to 1983) estimated that about 272,000 workers, including
143,000 women, potentially were exposed to benzene (NIOSH 1990).

Regulations

Coast Guard, Department of Homeland Security

Comprehensive regulations have been established for safe transport of benzene on ships and barges.

Consumer Product Safety Commission (CPSC)

Products containing 5% or more by weight of benzene are considered hazardous and require special
labeling.

Solvents for paints or other surface-coating materials containing 10% or more by weight of benzene
require special packaging.

Department of Transportation (DOT)

Benzene is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean AirAct

Comprehensive requlations have been developed to control benzene levels in gasoline and benzene
emissions from motor vehicles.

Mobile Souirce Air Toxics: Beginning in 2011, refiners must meet an annual average gasoline benzene
content standard of 0.62% by volume (vol%) on all gasoline; by 2012, a maximum benzene
content of 1.3 vol% may not be exceeded.

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture is subject to certain provisions for the control of
volatile organic compound emissions.

Urban Air Toxics Strategy: |dentified as one of 33 hazardous air poliutants that present the greatest
threat to public health in urban areas.

Clean Water Act

Designated a hazardous substance.

Efffuent Guidelines: Listed as a toxic poliutant.

Water Quality Criteria: Based on fish or shellfish and water consumption = 2.2 pg/L; based on fish or
shellfish consumption only = 51 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Characteristic Hazardous Waste: Toxicity characteristic leaching procedure (TCLP) threshold = 0.5 mg/L.

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
benzene = U019, F005, F024, F025, F037, F038, K085, K104, K105, K141,K142, K143, K144, K145,
K147,K151,K159,K169, K171, K172.

Listed as a hazardous constituent of waste.

Safe Drinking Water Act

Maximum contaminant level (MCL) = 0.005 mg/L.

Food and Drug Administration (FDA)

Maximum permissible fevel in bottled water =0.005 mg/L.

Residues of benzene used as a solvent in producing modified hop extract shall not exceed 1.0 ppm.
Occupational Safety and Health Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Acceptable peak exposure = 50 ppm (maximum duration = 10 min) for select industries.

Ceiling concentration = 25 ppm for select industries.

Permissible exposure limit (PEL) =1 ppm; = 10 ppm for select industries.

Short-term exposure fimit (STEL) = 5 ppm.

Comprehensive standards for occupational exposure to benzene have been developed.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 0.5 ppm.

Threshold limit value — short-term exposure limit (TLY-STEL) = 2.5 ppm.

National Institute for Occupational Safety and Health (NIOSH)

Immediately dangerous to fife and health (IDLH) limit = 500 ppm.
Short-term exposure fimit (STEL) =1 ppm.

Recommended exposure limit (time-weighted-average workday) = 0.1 ppm.
Listed as a potential occupational carcinogen.
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Benzidine and Dyes Metabolized
to Benzidine

Introduction

Benzidine was first listed in the First Annual Report on Carcinogens
(1980), and dyes metabolized to benzidine were first listed as a class
in the Ninth Report on Carcinogens (2000). The profiles for benzidine
and dyes metabolized to benzidine, which are listed (separately) as
known to be human carcinogens, follow this introduction.

Benzidine
CAS No. 92-87-5

Known to be a human carcinogen
First listed in the First Annual Report on Carcinogens (1980)

Also known as 4,4'-diaminobiphenyl

HoN-—— \_/ rrrrrrrrr < e

Carcinogenicity

Benzidine is known to be a human carcinogen based on sufficient ev-
idence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Numerous epidemiological studies (case reports and cohort stud-
ies) of workers in various geographical locations have reported a
strong association between occupational exposure to benzidine and
urinary-bladder cancer. Moreover, epidemiological data suggest that
urinary-bladder cancer incidence has decreased since measures to
limit benzidine exposure were instituted. A few studies have evalu-
ated exposure to benzidine alone; however, in many studies, workers
were co-exposed to other chemicals. Some studies have suggested that
the risk of urinary-bladder cancer increases with increasing length
of exposure to benzidine (IARC 1972, 1982, 1987). Since benzidine
was reviewed for listing in the First Annual Report on Carcinogens
and by the International Agency for Research on Cancer, some, but
not all, studies have reported an association between benzidine ex-
posure and cancer at other tissue sites (i.e., liver, kidney, central ner-
vous system, oral cavity, larynx, esophagus, bile duct, gallbladder,
stomach, and pancreas); the evidence for an association with benzi-
dine is more limited for cancer at these tissue sites than for urinary-
bladder cancer (Choudhary 1996).

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of benzidine from

studies in experimental animals. Oral exposure to benzidine caused

mammary-gland cancer in female rats, liver cancer in mice and ham-
sters, and urinary-bladder cancer in dogs. When administered by
subcutaneous injection, benzidine caused Zymbal-gland tumors in

rats and liver tumors in mice, and when administered by intraperito-
neal injection, it caused Zymbal-gland and mammary-gland tumors

in rats (IARC 1982, 1987).

Studies on Mechanisms of Carcinogenesis

Benzidine is metabolized by cytochrome P450 enzymes (via
N-oxidation) to form electrophilic compounds that can bind cova-
lently to DNA (Choudhary 1996). Benzidine caused mutations in
bacteria and plants, but gave conflicting results in cultured rodent
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cells. It also caused many other types of genetic damage in various
test systems, including yeast, cultured human and other mamma-
lian cells, and rodents exposed in vivo. The damage included mi-
totic gene conversion (in yeast), micronucleus formation, DNA strand
breaks, unscheduled DNA synthesis, cell transformation, chromo-
somal aberrations, sister chromatid exchange, and aneuploidy (IARC
1987). Workers exposed to benzidine and or benzidine-based dyes
had higher levels of chromosomal aberrations in their white bloods
cells than did unexposed workers (Choudhary 1996).

Properties

Benzidine is a biphenyl amine that exists at room temperature as
a white to slightly reddish crystalline powder (ATSDR 2001). It is
slightly soluble in cold water, more soluble in hot water, and read-
ily soluble in less-polar solvents, such as diethyl ether and ethanol.
It darkens on exposure to air and light (Akron 2009). Physical and
chemical properties of benzidine are listed in the following table.

Property Information

Molecular weight 184.2°

Specific gravity 1.250 at 20°C/4°C?

Melting point 120°C?

Boiling point 401°C?

Log K., 1.34°

Water solubility 0322 g/l at 25°C°

Vapor pressure 8.98 x 107 mm Hg at 25°C*
Vapor density relative to air 6.36°

Dissociation constant (pK,) 4.3°
Sources: *HSDB 2009, "ChemiDplus 2009.

Use

Benzidine has been used for over a century as an intermediate in the
production of azo dyes, sulfur dyes, fast color salts, naphthols, and
other dyeing compounds (IARC 1982). In the past, benzidine also
was used in clinical laboratories for detection of blood, as a rubber
compounding agent, in the manufacture of plastic films, for detec-
tion of hydrogen peroxide in milk, and for quantitative determina-
tion of nicotine. Most of these uses have been discontinued because
of concerns about benzidine’s potential carcinogenicity. Some dyes
that may contain benzidine as an impurity are still used as stains for
microscopy and similar laboratory applications (ATSDR 2001).

Production

Benzidine is no longer manufactured for commercial sale in the

United States (ATSDR 2001). All large-scale production was discon-
tinued in 1976, and only relatively small quantities remain available

for use in diagnostic testing. All benzidine production must be for
captive consumption (in-house use) and take place in closed sys-
tems under stringent workplace controls. Estimated U.S. benzidine

production in 1983 was only 500 Ib (possibly excluding some cap-
tive production), compared with 10 million pounds in 1972 (ATSDR

2001). In 2009, no U.S. manufacturers of benzidine were identified

(SRI2009), but it was available from 13 U.S. suppliers (ChemSources

2009). Benzidine has not been imported into the United States in re-
cent years. In 1980, the last year for which an estimate was found, U.S.
imports of benzidine totaled 8,900 Ib (ATSDR 2001). No dataon U.S.
exports of benzidine were found.

Exposure

Because benzidine may be produced only for captive consumption,
its direct release into the environment is expected to be low. How-
ever, accidental releases from closed systems potentially could result
in exposure of the general populaton through inhalation, ingestion,
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or dermal contact (ATSDR 2001). According to EPA’s Toxics Release

Inventory, environmental releases of benzidine were 16 1b in 1993,
2501bin 1994, and 2 1b in 1999. Releases peaked in 2001, when 5321b

was released (300 1b to surface water and most of the rest to an off-
site landfill). In 2007, two facilities released a total of 16 Ib of benzi-
dine (6 1b to air and 10 1b to a hazardous-waste landfill) (TRI 2009).
In the past, benzidine might have been released into wastewaters

and sludges. Because benzidine is moderately persistent in the en-
vironment, exposure of populations living near former benzidine or
benzidine-dye manufacturing or waste-disposal sites may still be of
concern. Benzidine has been identified in 28 of 1,585 hazardous-
waste sites proposed for inclusion on the U.S. Environmental Protec-
tion Agency’s National Priorities List; however, it is not known how
many sites were evaluated for benzidine. In 1990, benzidine was de-
tected in groundwater at a hazardous-waste site {the former location

of a large dye manufacturer) at concentrations of 240 ug/L on site

and 19 pg/L off site (ATSDR 2001).

Benzidine-based dyes may still be imported into the United States,
and microbial degradation of these dyes may release free benzidine
into the environment (ATSDR 2001). The U.S. Food and Drug Ad-
ministration limits the benzidine content in food colorants to 1 ppb;
however, other impurities in synthetic coloring agents may be me-
tabolized to benzidine after ingestion.

Before Occupational Safety and Health Administration regulations
were adopted to limit occupational exposure to benzidine (starting in
1974), benzidine and its derivatives were manufactured and used in
open systems that permitted release of benzidine into workplace air.
Air concentrations of benzidine measured in a benzidine manufactur-
ing plant ranged from 0.007 to 17.6 mg/m?, and levels in the urine of
exposed workers ranged from 1 to 112 pg/L (ATSDR 2001). The Na-
tional Occupational Exposure Survey (conducted from 1981 to 1983)
estimated that 1,554 workers, including 426 women, potentially were
exposed to benzidine (NIOSH 1990). Benzidine is available in lim-
ited quantities for use as a research chemical and may be present as
a trace impurity in stains used by medical or laboratory technicians.
Others potentially exposed to benzidine include workers involved
in its production in closed systems and workers at hazardous-waste
sites where benzidine is present (ATSDR 2001).

Regulations

Department of Transportation (DOT)

Benzidine is considered a hazardous material, and special requirements have been set for marking,
labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

Clean Water Act

Efffuent Guidelines: Listed as a toxic pollutant.

Water Quality Criteria: Based on fish or shelifish and water consumption = 0.000086 yg/L; based on
fish or shellfish consumption only = 0.00020 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 11b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
benzidine = U021.

Benzidine is listed as a hazardous constituent of waste.

Food and Drug Administration (FDA)

The color additives FD&C yellow no. 5 and yellow no. 6 and D&C red no.33 may contain benzidine at
maximum evels that range from 1to 20 ppb.

The color additive Ext. D&Cyellow no. 1 is banned, because there is no assurance that it will not
produce benzidine from the decomposition of a subsidiary reaction product.
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Mine Safety and Health Administration

To control airborne exposure, benzidine shall not be used or stored except by competent persons under
laboratory conditions approved by a nationally recognized agency acceptable to the Secretary.

Occupational Safety and Health Administration (OSHA)

Potential occupational carcinogen: Engineering controls, work practices, and personal protective
equipment are required.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value — time-weighted average (TLV-TWA) = exposure by all routes should be as low
as possible.

National Institute for Occupational Safety and Health (NIOSH)

Listed as a potential occupational carcinogen.
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Dyes Metabolized to Benzidine (Benzidine
Dye Class)

CAS No.: none assigned
Known to be human carcinogens

First listed in the Ninth Report on Carcinogens (2000)

Carcinogenicity

Dyes that are metabolized to benzidine are known to be human car-
cinogens based on the following evidence: (1) benzidine is known
to be a human carcinogen, (2) metabolism of benzidine-based dyes
results in the release of free benzidine in humans and in all experi-
mental animal species studied, and (3) benzidine exposure from expo-
sure to benzidine-based dyes is equivalent to exposure to equimolar
doses of benzidine.

Studies on Mechanisms of Carcinogenesis

Benzidine was one of the first chemicals for which an association
between occupational exposure and increased cancer risk was rec-
ognized. Industrial exposure to benzidine was first associated with
urinary-bladder cancer in the early 1920s. Benzidine was listed as
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known to be a human carcinogen in the First Annual Report on Car-
cinogens (1980). The evidence supporting its listing is summarized
in the profile for benzidine, above.

Benzidine was first synthesized in 1845, and the first benzidine-
based dye, Congo red, was prepared in 1884. A wide spectrum of
colors can be achieved by varying the dye molecules’ chromophores,
which are linked to benzidine by an azo linkage (~N=N-). Similar or
different chromophores may be linked at each amino (NH,) group
of the benzidine molecule to form various bisazobiphenyl dyes. Re-
gardless of the chromophore(s) involved, the azo linkages of all ben-
zidine-based dves are essentially chemically equivalent; easily formed,
they also are easily broken by chemical or enzymatic reduction to
form free benzidine and free chromophore(s). Benzidine-based dyes
were shown to be metabolized to free benzidine in rats, dogs (Lynn
et al. 1980), hamsters (Nony et 4l. 1980), and rhesus monkeys, prob-
ably by bacteria in the gastrointestinal tract (Rinde and Troll 1975).
Lowry et al. (1980) concluded that the amount of benzidine and its
metabolites detected in urine of exposed workers could not be ac-
counted for by the minute amounts of free benzidine in the dyes to
which they were exposed, and therefore that humans also metabo-
lize benzidine-based dyes to free benzidine. Lynn et al. (1980) found
that in rats and dogs, each benzidine-based dye studied was reduced
to yield an amount of free benzidine equal to that observed follow-
ing an equimolar dose of benzidine.

Cancer Studies in Experimental Animals

All three benzidine-based dyes that have been tested caused cancer
in rodents after oral exposure for 13 weeks (NCI 1978, IARC 1982).
C.1. direct black 38 caused liver cancer in rats and mice, mammary-
gland cancer in mice, and colon and urinary-bladder cancer in rats.
C.I direct blue 6 caused liver cancer in rats, and C.I. direct brown 95
caused neoplastic nodules in the liver and one malignant liver tumor
in rats. Based on these data, the International Agency for Research
on Cancer (IARC 1987) concluded that there was sufficient evidence
for the carcinogenicity of technical-grade C.1. direct black 38, techni-
cal-grade C.I. direct blue 6, and technical-grade C.1. direct brown 95
in experimental animals.

Cancer Studies in Humans

Because benzidine workers exposed to benzidine-based dyes typically
have been co-exposed to benzidine, it has been difficult to clearly es-
tablish the carcinogenicity of benzidine-based dyes in epidemiologi-
cal studies. In studies of Chinese workers who remained in the same

jobs for many vears, the incidence of urinary-bladder cancer was el-
evated in workers who had been exposed almost exclusively to ben-
zidine-based dyes (You et al. 1990) and in workers exposed to both

benzidine and benzidine-based dyes (Bi et al. 1992). However, nei-
ther report adequately documented levels of exposure to either ben-
zidine or the dyes. IARC (1982) concluded that the epidemiological

data were inadequate to evaluate the carcinogenicity of individual

benzidine dyes to humans, but that taken together with the pres-
ence of benzidine in the urine of exposed workers, they provided suf-
ficient evidence that occupational exposure to benzidine-based dyes

increased the risk of cancer in humans.

Properties

All benzidine-based dyes have the characteristic diazotized benzidine
nucleus (the structure of benzidine is shown in the profile above) but
differ with respect to the chemical groups attached at the diazo link-
ages. Most of the dyes in this class contain two or three azo groups,
but they can contain more. They all exist as colored powders (in a
wide range of hues) at room temperature and have negligible vapor
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pressures. Their water solubility varies, but it is sufficient for dyeing
in aqueous solution. Benzidine-based dyes are relatively stable in
air and in solution at ambient temperatures but degrade in aqueous
solution at high temperatures, particularly in the presence of iron.
Impurities, such as benzidine, 4-aminobiphenyl, and 2,4-diamino-
azobenzene, may be present in these dyes as a result of thermal or
enzymatic decomposition (NIOSH 1980). There are no rigid chemi-
cal specifications for benzidine-based dyes; therefore, their composi-
tion varies according to the shade and intensity requirements of the
customer (IARC 1982). Various dyes are also mixed together to pro-
duce particular colors; therefore, the final products are more accu-
rately described as mixtures of substances than as specific chemical
compounds (NIOSH 1980).

Use

Benzidine-based dyes were used primarily to color textiles, leather,
and paper products and also in the petroleum, rubber, plastics, wood,
soap, fur, and hair-dye industries. About 40% was used to color paper,
25% to color textiles, 15% to color leather, and 20% for diverse ap-
plications. By the mid 1970s, most manufacturers started phasing
out the use of benzidine-based dyes and replacing them with other
types of dyes (NIOSH 1980). More than 300 benzidine-based dyes
are listed in the Colour Index, including 18 commercially available in
the United States. Access to these dyes for home use is no longer per-
mitted in the United States; however, some dyes (particularly direct
browns, greens, and blacks) were available as consumer products in
the 1970s (ATSDR 2001).

Production

Commercial quantities of benzidine-based dyes were produced in
the United States starting no later than 1914, and total U.S. pro-
duction reached 14 million kilograms (31 million pounds) in 1948
(TARC 1982). In 1974, nine U.S. manufacturers produced benzidine-
based dyes, but by 1979, only one manufacturer remained, producing
17 benzidine-based dyes. Domestic production was about 2.9 mil-
lion kilograms (6.4 million pounds) in 1976, but dropped to about
780,000 kg (1.7 million pounds) in 1978. Direct black 38 accounted
for about 48% of U.S. production in 1978, followed by direct blue 2
(12.8%) and direct green 6 (6.4%) (NIOSH 1980). As of 2009, several
benzidine-based dyes still had U.S. suppliers, including direct red 28
(28 suppliers), direct black 38 (12 suppliers), direct blue 6 (5 suppli-
ers), direct green 6 (3 suppliers), direct brown 95 (3 suppliers), direct
brown 2 (1 supplier), and direct blue 2 (1 supplier) (ChemSources
2009). However, these dyes are no longer used or marketed in signif-
icant quantities in the United States (ATSDR 2001). U.S. imports of
benzidine-based dyes increased from 272,000 kg (600,000 Ib) in 1976
to 730,000 kg (1.6 million pounds) in 1978 (NIOSH 1980) and de-
clined to 213,000 kg (469,000 Ib) in 1979. Benzidine-based dyes may
still be imported into the United States, but no data on the amounts
were found (ATSDR 2001).

Exposure

The primary routes of potential exposure to benzidine-based dyes
are inhalation and accidental ingestion; however, dermal absorption
also can occur. The potential for exposure has declined since the late
1970s, as benzidine-based dyes were removed from both industrial
and consumer markets and replaced with other types of dyes. Since
1980, use of mixtures containing benzidine at concentrations of 0.1%
or more is permitted only in closed systems; all workers must ob-
serve special precautions to reduce exposure, and strict procedures
must be followed to transport such materials. Nevertheless, acciden-
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tal releases of these dyes could lead to some occupational and envi-
ronmental exposure (IARC 1982, ATSDR 2001).

In the past, environmental exposure to benzidine-based dyes
potentially occurred in the vicinity of dye and pigment plants or
waste-disposal sites. According to the U.S. Environmental Protec-
tion Agency’s Toxics Release Inventory (TRI 2009), no environmental
releases of benzidine-based dyes have been reported since 1989, when
750 1b of direct black 38 was released. The National Occupational
Hazard Survey (NOHS, conducted from 1972 to 1974) estimated
that 79,200 workers in 63 occupations (primarily the Dye Manufac-
turing, Textile Dyeing, Printing, Paper, and Leather industries) po-
tentially were exposed to benzidine-based dyes (NIOSH 1976). In a
Special Occupational Hazard Review for benzidine-based dyes, the
National Institute for Occupational Safety and Health identified 236
benzidine-based dyes and stated that occupational exposure to such
dyes had decreased since the NOHS. Of the benzidine-based dyes
specifically mentioned in this profile, four (direct blue 6 tetrasodium
salt and the disodium salts of direct black 38, direct brown 95, and
direct red 28) were included in the National Occupational Exposure
Survey (conducted from 1981 to 1983); the estimated numbers of po-
tentially exposed workers ranged from 830 for direct brown 95 diso~
dium salt to 11,374 for direct black 38 disodium salt (NIOSH 1990).
Although no current estimate of occupational exposure to benzidine-
based dyes was found, the number of potentially exposed workers is
expected to be much lower than in the past.

Regulations

Department of Transportation (DOT)

Toxic dyes and toxic dye intermediates are considered hazardous materials, and special requirements
have been set for marking, labeling, and transporting these materials.

Environmental Protection Agency (EPA)

Emergency Planning and Community Right-To-Know Act

Toxics Refease fnventory: C.\. direct blue 6, C.. direct blue 218, C.I. direct black 38, and C.I. direct brown
95 are listed substances subject to reporting requirements.

Occupational Safety and Healith Administration (OSHA)

Benzidine-based dyes are considered potential occupational carcinogens, and it is recommended that
worker exposure be reduced to the lowest feasible level.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

Benzidine-based dyes are considered potential occupational carcinogens, and it is recommended that
worker exposure be reduced to the lowest feasible level.
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Benzotrichloride
CAS No. 98-07-7

Reasonably anticipated to be a human carcinogen
First listed in the Fourth Annual Report on Carcinogens (1985)

Also known as 1-(trichloromethyl)benzene, a,o,a-trichlorotoluene,
or benzoic trichloride

Carcinogenicity
Benzotrichloride is reasonably anticipated to be a human carcino-

gen based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Cancer Studies in Experimental Animals

Exposure to benzotrichloride by two routes of administration caused
tumors at several different tissue sites in mice. When administered
to female mice by stomach tube, benzotrichloride caused cancer of
the forestomach (squamous-cell carcinoma) and of the lining of the
lung (adenocarcinoma). Benzotrichloride applied to the skin of female
mice caused lymphoma, cancer of the skin and lung (squamous-cell
carcinoma), and cancer of the upper digestive tract (carcinoma of the
lips, tongue, esophagus, and stomach) (IARC 1982a,b).

Since benzotrichloride was listed in the Fourth Annual Report on
Carcinogens, additional studies in mice have been identified. Inhala-
tion exposure of female mice to benzotrichloride caused benign and
malignant lung and skin tumors (Yoshimura et al. 1986). In male and
female strain A/J mice (a strain with a high spontaneous incidence
of lung tumors), benzotrichloride given by intraperitoneal injection
caused benign lung tumors (adenoma) (Stoner et al. 1986).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to

evaluate the relationship between human cancer and exposure spe-
cifically to benzotrichloride. However, epidemiological data provide

limited evidence that employment in the production of chlorinated

toluenes, which involves potential exposure to benzotrichloride and

other a-chlorinated toluenes, may increase the risk of cancer (IARC

1982a,b). The evidence includes (1) six case reports of respiratory-
tract cancer in young benzoyl chloride production workers, including

three nonsmokers, who potentially were exposed to benzotrichloride

and (2) excess deaths from lung cancer in two cohorts of workers po-
tentially exposed to benzotrichloride and other chlorinated toluenes

(TARC 1982a,b). Subsequent studies reviewed by the International
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Agency for Research on Cancer (IARC 1999) have also reported ex-
cesses of respiratory-system cancer in workers with mixed exposure
to benzotrichloride and other chlorinated toluenes (Sorahan et al.
1983, Wong et al. 1988, Sorahan and Cathcart 1989).

Properties

Benzotrichloride is a chlorinated aromatic hydrocarbon. At room
temperature, it is a clear, colorless to yellow, oily liquid with a pen-
etrating odor. It is practically insoluble in water, but it is soluble in
diethyl ether, benzene, and ethanol (HSDB 2009). It is unstable and
hydrolyzes in the presence of moisture (IARC 1982b). Physical and
chemical properties of benzotrichloride are listed in the following
table.

Property Information
Molecular weight 195.5%

Specific gravity 1.38 at 20°C/4°C?
Melting point -5°C?

Boiling point 221°C at 760 mm Hg*
Log K, 2.92°

Water solubility 53 mg/L at 5°C°
Vapor pressure 0.414 mm Hg at 25°C*

Vapor density relative to air 6.77°
Sources: *HSDB 2009, "ChemiDplus 2009.

Use

Benzotrichloride is used extensively as a chemical intermediate in

manufacturing processes. Its most important derivative is benzoyl

chloride (IARC 1999). It has also been used as a dye intermediate in

the preparation of eight dyes and pigments, including five that have

been produced in commercial quantities in the United States. In ad-
dition, benzotrichloride has been used to make benzotrifluoride and

hydroxybenzophenone ultraviolet-light stabilizers for plastics and in

the production of ion-exchange resins, pharmaceuticals, and antimi-
crobial agents (IARC 1982b).

Production

In 2009, benzotrichloride was produced by 16 manufacturers world-
wide (7 in India, 4 in Europe, 3 in China, 2 in East Asia, and none
in the United States) (SRI 2009) and was available from 251 suppli-
ers, including 14 U.S. suppliers (ChemSources 2009). U.S. imports
of benzotrichloride were reported in a combined category with ben-
zyl chloride. Imports in this category were between 562,000 and 1.2
million kilograms (1.2 million and 2.7 million pounds) from 1989
to 1997, increasing to a peak of 6.2 million kilograms (13.7 million
pounds) in 2001 and declining to 3.2 million kilograms (7.1 million
pounds) in 2004. During this period, U.S. exports of benzotrichlo-
ride were reported in the large category of “halogenated derivatives
of aromatic hydrocarbons, not elsewhere specified or included” and
ranged from a high of 65 million kilograms (144 million pounds) in
1996 to a low of 20 million kilograms (44 million pounds) in 2001
(USITC 2009). Reports filed under the U.S. Environmental Protec-
tion Agency’s Toxic Substances Control Act Inventory Update Rule
indicated that U.S. production plus imports of benzotrichloride be-
tween 1986 and 2006 ranged from 10 million to 50 million pounds
(EPA 2004, 2009).

Exposure

The routes of potential human exposure to benzotrichloride are inha-
lation, ingestion, and dermal contact. The potential for exposure of
the general population to benzotrichloride from industrial releases
is expected to be low, because the chemical hydrolyzes rapidly in the
presence of moisture and is degraded in the vapor phase in the at-
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mosphere by reaction with photochemically produced hydroxyl rad-
icals (IARC 1982b, HSDB 2009). According to EPA’s Toxics Release

Inventory, environmental releases of benzotrichloride in 1988 to-
taled 35,000 Ib, of which 25,000 Ib was released to air and 10,000 Ib

to off-site nonhazardous-waste landfills. Releases have since declined

steadily and significantly. Since 2002, the small quantity of benzotri-
chloride not emitted to air (< 20 1b) has been sent to hazardous-waste

landfills. In 2003, six facilities released 1,200 Ib of benzotrichloride to

air (TRI 2009). Benzotrichloride has been identified in surface waters

at unreported concentrations IARC 1982b).

Occupational exposure can occur if benzotrichloride is released
in the work environment in liquid or vapor form during its manu-
facture or use as a chemical intermediate. Workers could potentially
be exposed during the production, formulation, packaging, or appli-
cation of products made with benzotrichloride or benzoyl chloride.
The National Occupational Exposure Survey (conducted from 1981
to 1983) estimated that 171 male workers potentially were exposed
to benzotrichloride (NIOSH 1990).

Regulations

Department of Transportation (DOT)

Benzotrichloride is considered a hazardous material and special requirements have been set for
marking, labeling, and transporting this material.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture of substance is subject to certain provisions for the
control of volatile organic compound emissions.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 1b.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.
Threshold planning quantity {TPQ) = 100 Ib.
Reportable quantity (RQ) = 10 ib.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste codes for which the fisting is based wholly or partly on the presence of
benzotrichloride = 1023,K015, K149,
Listed as a hazardous constituent of waste.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value - ceiling (TLV-C) = 0.7 ppm.
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Beryllium and Beryllium Compounds
CAS No. 7440-41-7 (Beryllium)

No separate CAS No. assigned for beryllium compounds as a class
Known to be human carcinogens
First listed in the Second Annual Report on Carcinogens (1981)

Also known as Be

Carcinogenicity

Beryllium and beryllium compounds are known to be human car-
cinogens based on sufficient evidence of carcinogenicity from stud-
ies in humans. Beryllium and beryllium compounds were first listed
in the Second Annual Report on Carcinogens as reasonably antici-
pated to be human carcinogens based on sufficient evidence of car-
cinogenicity from studies in experimental animals. The listing was
revised to known to be human carcinogens in the Tenth Report on
Carcinogens in 2002.

Cancer Studies in Humans

Epidemiological studies indicate an increased risk of lung cancer in

occupational groups exposed to beryllium or beryllium compounds

(Steenland and Ward 1991, Ward et al. 1992), supporting the con-
clusion that beryllium and beryllium compounds are carcinogenic

in humans. An association with lung cancer has consistently been

observed in several occupational populations exposed to beryllium

or beryllium compounds, with a relative risk of 1.2 to 1.6. Groups

with greater exposure or longer time since first exposure show higher

risks, which supports a cause-and-effect relationship. Acute beryllium

pneumonitis, which is a marker for high exposure to beryllium, is as-
sociated with higher lung-cancer rates (with a relative risk as high as

2.3) (Steenland and Ward 1991). Although smoking could be a fac-
tor in the cancers observed in these studies, no evidence was found

in any of the published epidemiological studies to indicate a differ-
ence in smoking habits between the groups of workers exposed to

beryllium or beryllium compounds and the non-exposed workers in

the control groups.

Cancer Studies in Experimental Animals

Beryllium and/or beryllium compounds caused tumors in several
species of experimental animals, at two different tissue sites, and by
several different routes of exposure. Beryllium metal and several be-
ryllium compounds, including beryllium-aluminum alloy, beryl ore,
beryllium chloride, beryllium hydroxide, beryllium sulfate tetrahy-
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drate, and beryllium oxide, caused lung tumors in rats exposed by
either inhalation for one hour or a single intratracheal instillation.
Inhalation exposure to beryllium metal also caused lung tumors in
pS53*" transgenic mice (a strain with increased susceptibility to car-
cinogen-induced cancer). In rhesus monkeys, lung cancer was ob-
served following inhalation exposure to beryllium sulfate (anaplastic
carcinoma) or intrabronchial implantation of beryllium oxide. Bone
cancer (osteosarcoma) was observed in rabbits exposed to beryllium
metal, beryllium carbonate, beryllium oxide, beryllium phosphate,
beryllium silicate, or zinc beryllium silicate by intravenous injection
or implantation into the bone (IARC 1993, Finch et al. 1996, 1998)

Studies on Mechanisms of Carcinogenesis

Beryllium compounds did not cause mutations in Salmonella typhi-
murium, but they did cause genetic damage in various cultured rodent
cells (TARC 1993). The genotoxic effects of beryllium compounds
may result from binding of ionic beryllium to nucleic acids, which
can cause infidelity of DNA replication (Leonard and Lauwerys 1987).

Properties

Beryllium is a silver-gray to grayish-white group II metallic element
with an atomic weight of 9.01, melting point of 1,287°C, boiling point
of 2,970°C, and density of 1.85 at 20°C. It has a close-packed hexag-
onal crystal structure and has several unique chemical properties. It
is the lightest of all solid and chemically stable substances and has a
very high melting point, specific heat, heat of fusion, and strength-
to-weight ratio. Beryllium is lighter than aluminum, but it is over
40% more rigid and approximately one-third more elastic than steel.
It is insoluble in water but soluble in acids and alkalis. It has excel-
lent electrical and thermal conductivity and is not magnetic. At ordi-
nary temperatures, beryllium resists oxidation in air; however, a thin
film of beryllium oxide forms on the surface, making it highly resis-
tant to corrosion. In alloys, beryllium contributes hardness, strength,
and high electrical and thermal conductivity and enhances resistance
to corrosion, wear, and fatigue (IPCS 1990, IARC 1993, HSDB 2009).

Beryllium chloride occurs as white-to-colorless deliquescent crys-
tals. It is highly soluble in water, alcohol, benzene, ether, chloroform,
and carbon disulfide, and insoluble in ammonia and acetone. Beryl-
lium fluoride occurs as a colorless amorphous mass that is readily sol-
uble in water but only slightly soluble in alcohol. Beryllium hydroxide
exists in three forms: a metastable tetragonal crystalline solid, a stable
orthorhombic crystalline solid, and a slimy, gelatinous substance with
a slightly basic pH. It is insoluble in water but soluble in acids and al-
kalis. Beryllium oxide occurs as a white powder or gel that is insoluble
in hot water and soluble in acids, alkalis, and ammonium carbonate.
Beryllium metaphosphate is a white porous powder or granular ma-
terial that is insoluble in water. Beryllium orthophosphate is soluble
in water and acetic acid. Beryllium sulfate occurs as colorless crys-
tals; it is insoluble in cold water and alcohol but decomposes in hot
water. Beryllium sulfate tetrahydrate occurs as colorless crystals that
are soluble in water, practically insoluble in ethanol, and slightly sol-
uble in concentrated sulfuric acid (IARC 1993, ATSDR 2002).

Beryl ore occurs as colorless, blue-green, yellow, or white trans-
parent hexagonal crystals that are insoluble in acid. Bervllium-copper
alloy usually contains 4.0% to 4.25% beryllium by weight. It has a melt-
ing point of 870°C to 980°C and produces toxic fumes of beryllium
oxide upon heating. Beryllium-aluminum alloy may contain 20% to
60% beryllium (IARC 1993, ATSDR 2002).

Use

Beryllium’s unique properties (as a light metal with a very high melt-
ing point) make it very useful in industry. In alloys, it increases ther-
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mal and electrical conductivity and strength; addition of just 2%
beryllium to copper forms alloys that are six times stronger than
copper alone (IARC 1993). A 2010 U.S. Geological Survey Mineral
Commodities Survey reported that based on sales revenues, nearly
half of bervllium use was in computer and telecommunications prod-
ucts, and the remainder was in aerospace and defense applications,
appliances, automotive electronics, industrial components, and other
applications (Jaskula 2010).

Pure beryllium metal is used in aircraft disc brakes, X-ray trans-
mission windows, space vehicle optics and instruments, aircraft and
satellite structures, missile parts, nuclear reactor neutron reflectors,
nuclear weapons, fuel containers, precision instruments, rocket
propellants, navigational systems, heat shields, mirrors, high-speed
computers, and audio components. Beryllium alloyed with copper,
aluminum, or other metals is used in the electronics, automotive, de-
fense, and aerospace industries. More specifically, beryllium alloys
are used in electrical connectors and relays, springs, precision in-
struments, aircraft engine parts, nonsparking tools, submarine cable
housings and pivots, wheels, pinions, automotive electronics, molds
for injection-molded plastics, telecommunications devices, comput-
ers, home appliances, dental applications, golf clubs, bicycle frames,
and many other applications (IPCS 1990, IARC 1993, ATSDR 2002,
HSS 2009). Beryllium-copper alloy is used in a wide variety of appli-
cations, including electrical connectors and relays, wheels and pin-
ions, nonsparking tools, and switches in automobiles (ATSDR 2002).
Beryllium—aluminum alloy has been used in light aircraft construc-
tion (Merian 1984). It also may be used in casting alloys, where it re-
fines the grain size, resulting in better surface polishing, reduces melt
losses, and improves casting fluidity (IARC 1980, Kaczynski 2002).

Beryllium oxide is the most important high-purity commercial
beryllium chemical produced (Kaczynski 2000). It is used in high-
technology ceramics, electronic heat sinks, electrical insulators,
microwave oven components, gyroscopes, military vehicle armor,
rocket nozzles, crucibles, nuclear reactor fuels, thermocouple tub-
ing, laser structural components, substrates for high-density electri-
cal circuits, and automotive ignition systems, and as an additive to
glass, ceramics, and plastics IARC 1993, ATSDR 2002). Beryllium
oxide also is used in the preparation of beryllium compounds, as a
catalyst for organic reactions, and in high-temperature reactor sys-
tems. Beryllium oxide was used in the past in the manufacture of
phosphors for fluorescent lamps.

Beryllium chloride is used primarily to manufacture beryllium
metal by electrolysis in the laboratory. It also is used as an acid cata-
lyst in organic reactions. Beryllium fluoride and bervllium hydroxide
are used commercially in the production of beryllium metal and be-
ryllium alloys, and beryllium fluoride is used in the manufacture of
glass and nuclear reactors (Sax and Lewis 1987). Beryllium sulfate is
used primarily for the production of beryllium oxide powder for ce-
ramics, and beryllium nitrate is used as a chemical reagent and for
stiffening mantles in gas and acetylene lamps (HSDB 2009). The pri-
mary use of bervllium sulfate tetrahydrate is as a chemical interme-
diate in the processing of beryl and bertrandite ores (Sax and Lewis
1987). Beryllium metaphosphate has limited use as a raw material in
special ceramic compositions and as a catalyst carrier. Bervllium zinc
sulfate was formerly used as an oxygen-dominated phosphor in lu-
minescent materials (IARC 1980, Sax and Lewis 1987).

Production

Beryllium was discovered in 1798, but it did not become commercially
important until the 1930s. Although more than 40 beryllium-bearing
minerals are known, only two (beryl and bertrandite) currently are
commercially important. Beryl (3BeO-Al,0,-65i0,), which contains
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approximately 11% beryllium oxide (up to 4% beryllium), is the pre-
dominant beryllium-containing mineral mined. Beryl is found largely

in Brazil and the former Soviet Union. Impurities in beryl include al-
kali metals, alkaline-earth metals, iron, manganese, and phosphorus.
Emeralds (beryl containing chromium), aquamarine (beryl contain-
ing iron), and other semiprecious gems are examples of beryl at its

purest gem quality (IARC 1993, Jaskula 2009).

U.S. companies have produced beryllium and some beryllium
compounds commercially since the 1940s and beryllium oxide since
1958 (IARC 1972). Bertrandite (4BeO-2810,.H,0) is the principal be-
ryllium-containing mineral mined in the United States; it contains
less than 1% beryllium, but it can be efficiently processed into beryl-
lium hydroxide (IARC 1993). The Topaz-Spor Mountain area of Utah
is currently being mined for beryllium; it contains a large reserve of
bertrandite, totaling about 15,800 metric tons (35 million pounds)
of beryllium (Jaskula 2009). The United States is the world’s largest
producer of beryllium, accounting for roughly 86% of world produc-
tion in 2009; total U.S. production was 120 metric tons (265,000 Ib),
down from 176 metric tons (388,000 1b) in 2008. Other countries pro-
ducing beryllium (in order of amount produced in 2007) are China,
Mozambique, Portugal, Madagascar, and Brazil (Jaskula 2009, 2010).

In 2009, U.S. beryllium consumption, imports, exports, and gov-
ernment stockpile releases were considerably lower than in each of
the previous four years (Jaskula 2010). Consumption was 140 metric
tons (309,000 1b), down from 220 metric tons (485,000 1b) in 2008;
imports for production were 20 metric tons (44,000 1b), down from
70 metric tons (154,000 Ib); exports were 30 metric tons (66,000 Ib),
down from 112 metric tons (247,000 1b); and government stockpile
releases were 11 metric tons (24,000 1b), down from 39 metric tons
(86,000 Ib). In 2009, one U.S. producer of beryllium oxide and one
U.S. producer of beryllium sulfate were identified, but no U.S. produc-
ers of beryllium nitrate (SRI 2009). U.S. suppliers identified in 2009
included 2 for beryllium, 16 for beryllium oxide, 1 for beryllium hy-
droxide, 4 for beryllium sulfate, 9 for beryllium sulfate tetrahydrate,
4 for beryllium chloride, 5 for beryllium fluoride, and 2 for beryllium
copper alloy (ChemSources 2009).

Natural sources of beryllium and beryllium compounds in the at-
mosphere (annual amounts) are windblown dust (5 metric tons, or
11,000 Ib) and volcanic particles (0.2 metric tons, or 441 1b). Anthro-
pogenic sources include electric utilities (3.5 metric tons, or 7,716 1b),
industry (0.6 metric tons, or 1,323 Ib), metal mining (0.2 metric tons,
or 441 Ib), and waste and solvent recovery (0.007 metric tons, or
15 1b) (ATSDR 2002).

Exposure

The primary route of human exposure to beryllium is through inha-
lation of dusts and fumes (ATSDR 2002). Beryllium may also be in-
gested in drinking water or food. Beryllium was measured in fruit
and fruit juices at concentrations ranging from less than 0.1 pg/L in
a pineapple to 74.9 pg/L in a papaya. Cigarettes contain beryllium
at concentrations of up to 0.0005 pg per cigarette. According to the
U.S. Environmental Protection Agency’s Toxics Release Inventory,
2007 environmental releases totaled 14,185 Ib of beryllium from 12
facilities and 862,894 Ib of beryllium compounds from 61 facilities
(TRI2009). In measurements at 100 U.S. locations, the average daily
beryllium concentration in air was less than 0.0005 pg/m®. Beryllium
was detected at 2,760 of 50,000 U.S. surface-water sites, at an aver-
age concentration of 1.9 ug/L, and at 30 of 334 groundwater sites, at
an average concentration of 1.7 pg/L. Beryllium occurs naturally in
soils at concentrations ranging from less than 1 to 15 mg/kg. The av-
erage daily inhalation exposure to beryllium for a U.S. adult was es-
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timated at less than 0.0006 g, and the average daily exposure from
food was estimated at 0.12 pg (ATSDR 2002).

The highest levels of human exposure to beryllium are through
occupational exposure, which may occur through inhalation of be-
ryllium dust or dermal contact with products containing beryllium.
Workers with the highest potential for exposure include beryllium
miners, beryllium alloy makers and fabricators, phosphorus man-
ufacturers, ceramics workers, missile technicians, nuclear reactor
workers, electric and electronic equipment workers, and jewelers.
Occupational exposure may also lead to at-home exposure to beryl-
lium on work garments. In studies in the workplace, air concentra-
tions from personal monitors mounted on clothing increased when
the amount of beryllium dust on the fabric increased (HSDB 2009).
The National Occupational Hazard Survey (conducted from 1972 to
1974) estimated that 10,510 workers potentially were exposed to be-
ryllium (NIOSH 1976). The National Occupational Exposure Survey
(conducted from 1981 to 1983) estimated that 13,938,000 workers,
including 739 women, potentially were exposed to bervyllium; 4,305
workers, including 849 women, to beryllium oxide; 1,822 workers, in-
cluding 230 women, to beryllium sulfate tetrahydrate; and 1,740 work-
ers, including 37 women, to bervllium-copper alloy (NIOSH 1990).

Regulations

Department of Energy (DOE)

DOE has established the Chronic Beryllium Disease Prevention Program to protect workers from
excessive beryllium exposure and beryllium disease.

Department of Transportation (DOT)

Numerous beryllium compounds and beryllium compounds not otherwise specified are considered
hazardous materials, and special requirements have been set for marking, labeling, and
transporting these materials.

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Air Pollutants: Beryllium compounds are listed as hazardous
air pollutants.

Urban Air Toxics Strategy: Beryllium compounds are identified as one of 33 hazardous air pollutants that
present the greatest threat to public health in urban areas.

Clean Water Act

Effluent Guidelines: Beryllium and beryllium compounds are listed as a toxic pollutants.

Limits have been established for beryllium in biosolids (sewage sfudge) when disposed of via
incineration.

Beryllium chloride, beryliium fluoride, and beryllium nitrate are designated as hazardous substances.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 Ib for beryllium; = 1 ib for beryllium chloride, beryliium fluoride,
beryllium nitrate.

Emergency Planning and Community Right-To-Know Act

Toxics Refease Inventory: Beryllium and beryllium compounds are listed substances subject to reporting
requirements.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste code for which the listing is based wholly or partly on the presence of
beryllium powder = P015.

Beryllium powder and beryllium compounds are listed as hazardous constituents of waste.

Safe Drinking Water Act

Maximum contaminant level (MCL) = 0.004 mg/L for beryllium.

Food and Drug Administration (FDA)

Maximum permissible level of beryllium in bottled water = 0.004 mg/L.

Occupational Safety and Healith Administration (OSHA)

While this section accurately identifies OSHAS legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Acceptable peak exposure = 0.025 mg/m’ (30-min maximum duration per 8- shift) for beryllium and
beryllium compounds (as Be).

Ceiling concentration = 0.005 mg/m’ for beryllium and beryllium compounds (as Be}.

Permissible exposure limit {PEL) = 0.002 mg/m’ for beryllium and beryllium compounds (as Be).
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Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshald limit value ~ time-weighted average (TLV-TWA) = 0.00005 mg/m’ for beryllium and
beryllium compounds (as Be).

National Institute for Occupational Safety and Health (NIOSH)

Immediately dangerous to life and health (IDLH) limit = 4 mg/m’ for beryllium and beryllium
compounds (as Be).

Beryllium and beryllium compounds are listed as potential occupational carcinogens.
Ceiling recommended exposure limit = 0.0005 mg/m’ for beryllium and beryllium compounds (as Be).
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2,2-Bis(bromomethyl)-1,3-propanediol
(Technical Grade)

CAS No. 3296-90-0

Reasonably anticipated to be a human carcinogen
First listed in the Tenth Report on Carcinogens (2002)

Also known as BBMP
HG
CH,
Ho Ha
\
/CH2

HO

Br Br

Carcinogenicity

The flame retardant 2,2-bis(bromomethyl)-1,3-propanediol, techni-
cal grade, is reasonably anticipated to be a human carcinogen based
on sufficient evidence of carcinogenicity from studies in experimen-
tal animals.

Cancer Studies in Experimental Animals

Oral exposure to 2,2-bis(bromomethyl)-1,3-propanediol (BBMP),
technical grade, caused tumors at several different tissue sites in rats
and mice. In two-year studies, dietary administration of BBMP caused
tumors of the oral cavity, esophagus, mammary gland, and thyroid
gland in rats of both sexes. In male rats, it also caused mononuclear-
cell leukemia and tumors of the skin, subcutaneous tissue, Zymbal
gland, forestomach, small and large intestines, mesothelium, urinary
bladder, lung, and seminal vesicle. In similar studies with mice, BBMP
caused tumors of the Harderian gland and lung in both sexes, the
kidney in males, and the subcutaneous tissue in females (NTP 1996,
Dunnick et al. 1997, IARC 2000). Dietary administration of BBMP
for three months, followed by maintenance on a control diet for up
to two years, caused tumors in male rats at the same tissue sites as in
the two-year study of male rats described above. However, this study
found higher incidences of tumors of the oral cavity, forestomach,
small and large intestines, lung, Zymbal gland, thyroid gland, and
mesothelium than did the two-year study; these tumors were consid-
ered to be related to BBMP exposure (NTP 1996, Dunnick et al. 1997).

Cancer Studies in Humans

No epidemiological studies were identified that evaluated the rela-
tionship between human cancer and exposure specifically to BBMP
(IARC 2000).

Studies on Mechanisms of Carcinogenesis

BBMP caused mutations in Salmonella typhimurium strains TA100
and TA1535 only in the presence of mammalian metabolic activation
(Zeiger et al. 1992). In cultured Chinese hamster ovary cells, BBMP
caused chromosomal aberrations only in the presence of mammalian
metabolic activation, and it did not cause sister chromatid exchange
with or without activation. In vivo exposure to BBMP under various
conditions induced micronucleus formation in the erythrocytes of
mice (NTP 1996). There is no evidence to suggest that mechanisms
by which BBMP causes tumors in experimental animals would not
also operate in humans.

Properties

BBMP is a brominated alkyl (neopentyl) glycol with an aliphatic neo-
pentyl structure that exists at room temperature as a white solid ma-
terial with a mild musty odor. It is soluble in water and benzene, very
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soluble in acetone, isopropanol, and methanol, and slightly soluble in
carbon tetrachloride and xylenes (HSDB 2009). Physical and chemi-
cal properties of BBMP are listed in the following table.

Property Information
Molecular weight 262.0°

Melting point 111°Cto 113°C*
Log K., 2.29°

Water solubility 38 g/L at 25°C°
Vapor pressure 1.3 x 10" mm Hg at 25°C*

Dissociation constant (pK,) 13.57¢
Sources: *HSDB 2009, °ChemiDplus 2009, “Akron 2009.

Use

BBMP is used as a flame retardant in unsaturated polyester resins,
for molded products, and in the production of rigid polyurethane
foam. It is also used as a chemical intermediate in the production of
pentaerythritol ethers and other derivatives used as flame retardants
(IARC 2000, HSDB 2009).

Production

Annual U.S. production of BBMP was estimated at over 2,300 kg
(5,000 1b) in 1977 and 1979 (HSDB 2009) and at 3 million to 4 mil-
lion pounds in 1983 (NTP 1996). BBMP was listed by the U.S. Envi-
ronmental Protection Agency as a high-production-volume chemical
in 1990, indicating that annual production exceeded 1 million pounds
(EPA 2006). In 2009, BBMP was produced by one manufacturer each
in the United States, Middle East, and China (SRI 2009) and was avail-
able from 14 suppliers, including 7 U.S. suppliers (ChemSources 2009).

Exposure

The primary routes of human exposure to BBMP are inhalation

and dermal contact. BBMP may enter the environment as dust and

through wastewater (NTP 1996). If released to air, BBMP is expected

to exist in both vapor and particulate phases. The half-life of the vapor
phase is estimated to be 2 days. If released to water, BBMP is expected

to be adsorbed to sediments and suspended solids and not to volatil-
ize from the surface of the water. If released to soil, it is expected to

have moderate mobility, based on a soil-water partition coefficient

of 420 (HSDB 2009). Occupational exposure to BBMP may occur in

industries where it is used as a flame retardant, for example, in pro-
duction of unsaturated polyester resins, molded products, and rigid

polyurethane foam (NTP 1996).

Regulations

No specific regulations or guidelines relevant to reduction of expo-
sure to BBMP were identified.
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Bis(chloromethyl) Ether and Technical-
Grade Chloromethyl Methyl Ether

CAS Nos. 542-88-1 and 107-30-2

Known to be human carcinogens
First listed in the First Annual Report on Carcinogens (1980)
Also known as BCME and CMME

Cl 6] Cl Hp

C C C

CHs
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Bis(chloromethyl) ether Chloromethyl methyl ether

Carcinogenicity
Bis(chloromethyl) ether (BCME) and technical-grade chloromethyl

methyl ether (CMME) are known to be human carcinogens based on
sufficient evidence of carcinogenicity from studies in humans.

Cancer Studies in Humans

Numerous epidemiological studies and case reports from various geo-
graphical locations have demonstrated that occupational exposure to
BCME or CMME causes lung cancer (predominantly small-cell carci-
noma). The risk of lung cancer was shown to increase with increasing
exposure duration or cumulative exposure. Among the most heavily
exposed workers, the risk of lung cancer was increased at least tenfold,
and the time between exposure and diagnosis of disease was shorter.
The studies were of workers exposed either to BCME or to CMME;
however, because BCME is a contaminant of technical-grade CMME
(at levels of 1% to 7%), workers exposed to CMME probably were also
exposed to BCME. The International Agency for Research on Cancer
concluded that there was sufficient evidence for the carcinogenicity
of BCME and technical-grade CMME in humans (IARC 1974, 1987).

Cancer Studies in Experimental Animals

Exposure to BCME by inhalation caused lung tumors in rats and mice

and nasal-cavity tumors in rats. Administration of BCME by subcu-
taneous injection caused lung tumors in mice of both sexes and con-
nective-tissue tumors (fibroma and/or fibrosarcoma) at the injection

site in mice of both sexes and in female rats. Dermal exposure of fe-
male mice to BCME caused benign skin tumors (papilloma), most

of which progressed to skin cancer (squamous-cell carcinoma). Eval-
uation of technical-grade CMME is complicated by the presence of
BCME as a contaminant. Exposure to technical-grade CMME by in-
halation caused a low incidence of respiratory-tract tumors in rats and

hamsters, and subcutaneous administration caused tumors at the in-
jection site (sarcoma) in mice. IARC (1987) concluded that there was

sufficient evidence for the carcinogenicity of BCME and technical-
grade CMME in experimental animals.

71

ED_002435_00019868-00079



Bis{chloromethyl) Ether and Technical-Grade Chloromethyl Methyl Ether

Studies on Mechanisms of Carcinogenesis

BCME caused mutations in bacteria. It also caused unscheduled DNA
synthesis in cultured human cells but did not cause chromosomal ab-
errations in bone-marrow cells of rats exposed in vivo. CMME caused

mutations in bacteria and enhanced virus-induced transformation of

mammalian cells. The incidence of chromosomal aberrations was in-
creased slightly in white blood cells from workers exposed to BCME

or CMME (IARC 1987).

Properties

BCME is a chloroalkyl ether compound that exists at room temper-
ature as a colorless liquid with a suffocating odor. It is only slightly
soluble in water, but it is miscible with ethanol, ethyl ether, and many
organic solvents. The compound is unstable in moist air and hydro-
lyzes rapidly in water (Akron 2009). Physical and chemical properties
of BCME are listed in the following table. No physical or chemical
properties were identified for technical-grade CMME.

Property Information (BCME)
Molecular weight 1150

Specific gravity 1.323 at 15°C/4°C
Melting point -41.5°C

Boiling point 106°C

Log K,,, 1.04

Water solubility 1.020 g/L at 25°C
Vapor pressure 29.4 mm Hg at 25°C
Vapor density relative to air 4

Source: HSDB 2009.

Use

BCME and CMME are used primarily as chemical intermediates and

alkylating agents. BCME is used as a laboratory reagent, in the manu-
facture of plastics, ion-exchange resins, and polymers, and as a moni-
toring indicator for chloromethyl ether (HSDB 2009). BCME formerly

was used for cross-linking of cellulose, for surface treatment of vulca-
nized rubber to increase adhesion, and in the manufacture of flame-
retardant fabrics (ATSDR 1989). CMME is used as an alkylating agent

and industrial solvent in the manufacture of dodecylbenzyl chloride,
water repellents, ion-exchange resins, and polymers, and as a chlo-
romethylation reagent (HSDB 2009).

Production

BCME and CMME previously were manufactured in the United

States, but use of these chemicals had been widely curtailed by 1976

(HSDB 2009). In 1977, U.S. production of BCME was 45,400 kg

(100,000 1b), and that of CMME was 4.6 million kilograms (10 mil-
lion pounds). In 1982, BCME was no longer produced in the United

States, and only 2,270 kg (5,000 Ib) of CMME was produced. There

were three U.S. manufacturers of CMME in 1969, one in 1973, and

none in 2009 (IARC 1974a,b, HSDB 2009, SRI 2009). Although BCME

is no longer produced commercially in the United States, small quan-
tities may be produced or repackaged as a chemical intermediate or

laboratory chemical (ATSDR 1989, HSDB 2009). In 2009, BCME was

available from five U.S. suppliers and CMME from nine U.S. suppliers

(ChemSources 2009). No data on U.S. imports or exports of BCME

or CMME were found.

Exposure

The primary routes of potential human exposure to BCME and techni-
cal-grade CMME are inhalation and dermal contact. Because BCME
is little used in the United States and because it is rapidly degraded
in the environment, the probability of human exposure is very low.
BCME has not been detected in ambient air or water (ATSDR 1989).
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According to the U.S. Environmental Protection Agency’s Toxics
Release Inventory, almost all environmental releases of BCME and
CMME have been to the air. Reported annual releases of BCME to air
ranged from 255 to 574 1b in the early 1990s, but since 1995, annual
releases to air have not exceeded 7 b, and no releases to air were re-
ported in 1995, 1996, 1998, 2000, or 2009. Releases of CMME to air
since 1988 (the earliest year for which reports were available) have
fluctuated between 1,000 Ib in 1988 and 4,155 Ib in 1997. In 2009,
one facility reported releases of 3,600 Ib of CMME to air (TRI 2009).

The primary route of occupational exposure to BCME or CMME
is inhalation of vapors; however, the potential for exposure is low, be-
cause these chemicals are no longer produced or sold in large quan-
tities, and most industrial operations involving them take place in
closed-process vessels. The most likely means of exposure to BCME
is during the production or use of chemicals in which it may occur
as a contaminant or may be formed inadvertently. The potential for
occupational exposure to BCME or CMME is greatest for chemical
plant workers, ion-exchange resin makers, laboratory workers, and
polymer makers (ATSDR 1989). The National Occupational Exposure
Survey (conducted from 1981 to 1983) estimated that 14 workers (all
laboratory workers), including 5 women, potentially were exposed to
BCME. No estimate of potential exposure to CMME was reported
(NTOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Clean Air Act

National Emissions Standards for Hazardous Alr Polfutants: BCME and CMME are listed as hazardous air
pollutants.

Prevention of Accidental Release: Threshold quantity (TQ) == 1,000 Ib for BCME and 5,000 Ib for CMME.

Clean Water Act

Water Quality Criteria: Based on fish or shelifish and water consumption = 0.00010 pg/L for BCME;
based on fish or shellfish consumption only = 0.00029 ug/\. for BCME.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 Ib for BCME and (MME.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: BCME and CMME are listed substances subject to reporting requirements.

Threshold planning quantity (TPQ) = 100 Ib for BCME and CMME.

Reportable quantity (RQ) = 10 b for BCME and CMME.

Resource Conservation and Recovery Act

Listed Hazardous Waste: Waste codes for which the listing is based wholly or partly on the presence of
BCME = P016 and on the presence of CCME = U046.

BCME and CMME are listed as a hazardous constituents of waste.

Mine Safety and Health Administration

To control airhorne exposure, neither BCME nor CMME shall be used or stored except by competent
persons under laboratory conditions approved by a nationally recognized agency acceptable to
the Secretary.

Occupational Safety and Health Administration (OSHA)

BCME and CMME are listed as a potential occupational carcinogens: Engineering controls, work
practices, and personal protective equipment are required.

BCME and CMME are considered highly hazardous chemicals: Threshold quantity (TQ) = 100 Ib for
BCME; = 500 Ib for CMME.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold limit value —~ time-weighted average (TLV-TWA) = 0.001 ppm for BCME; = exposure to CCME
by all routes should be as low as possible.

National Institute for Occupational Safety and Health (NIOSH)
BCME and CMME are listed as potential occupational carcinogens.
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Bromodichloromethane
CAS No. 75-27-4

Reasonably anticipated to be a human carcinogen

First listed in the Sixth Annual Report on Carcinogens (1991)

Br
\
Cl—CH
/
Cl
Carcinogenicity
Bromodichloromethane is reasonably anticipated to be a human car-

cinogen based on sufficient evidence of carcinogenicity from studies
in experimental animals.

Cancer Studies in Experimental Animals

Oral exposure to bromodichloromethane caused tumors at several dif-
ferent tissue sites in mice and rats. Administration of bromodichloro-
methane by stomach tube caused benign and malignant kidney
tumors (tubular-cell adenoma and adenocarcinoma) in male mice
and in rats of both sexes, benign and malignant liver tumors (hepato-
cellular adenoma and carcinoma) in female mice, and benign and ma-
lignant colon tumors (adenomatous polyps and adenocarcinoma) in
rats of both sexes (NTP 1987, ATSDR 1989, IARC 1991, 1999).

Since bromodichloromethane was listed in the Sixth Annual Re-
port on Carcinogens, additional studies in rats have been identified.
Administration of bromodichloromethane in the drinking water in-
creased the combined incidence of benign and malignant liver tumors
(hepatocellular adenoma or carcinoma) in males (George et al. 2002)
and caused benign liver tumors (hepatocellular adenoma) in females
(Tumasonis et al. 1987).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to bromodichloromethane. Several epidemiological studies
indicated a possible association between ingestion of chlorinated
drinking water (which typically contains bromodichloromethane)
and increased risk of cancer in humans, but these studies could not
provide information on whether any observed effects were due to
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bromodichloromethane or to one or more of the hundreds of other
by-products also present in chlorinated water (ATSDR 1989).

Properties

Bromodichloromethane is a trihalomethane that exists as a colorless

liquid at room temperature. It is slightly soluble in water and very
soluble in ethanol, ethyl ether, benzene, and acetone. It is stable at

normal temperatures and pressures (Akron 2009, HSDB 2009). Phys-
ical and chemical properties for bromodichloromethane are listed

in the following table.

Property Information
Molecular weight 1638

Specific gravity 1.980 at 20°C/4°C
Melting point -57°C

Boiling point 90°C

Log K, 2.00

Water solubility 3.96 g/L at 30°C

Vapor pressure
Source: HSDB 2009,

50 mm Hg at 20°C

Use

Bromodichloromethane is used in the synthesis of organic chemi-
cals and as a reagent in laboratory research. It previously was used
as a solvent for fats, waxes, and resins, and it has been used to sep-
arate minerals and salts, as a flame retardant, and as an a ingredient
in fire extinguishers (ATSDR 1989).

Production

Bromodichloromethane is not used or produced commercially in the
United States. Small quantities have been produced, but production
volumes were not found (ATSDR 1989). In 2009, bromodichloro-
methane was available from 18 suppliers worldwide, including 11
U.S. suppliers (ChemSources 2009). No data on U.S. imports or ex-
ports were found, but little, if any, trade is expected (ATSDR 1989).

Exposure

Bromodichloromethane is a by-product of water disinfection, and
the main route of human exposure is through exposure to chlorine-
treated water (IARC 1991). The amount of bromodichloromethane
produced during chlorination depends on temperature, pH, the bro-
mide ion concentration of the water, the presence of trihalomethane
precursors, and the specific treatment processes (ATSDR 1989). The
organic trihalomethane precursors are naturally occurring humic
and fulvic acids. The general population is exposed to trihalometh-
anes through consumption of treated drinking water, beverages, and
food products, inhalation of contaminated air, and dermal contact
with treated water.

As water-disinfection by-products, trihalomethanes occur at
higher concentrations in finished water than in raw waters. It is es-
timated that bromodichloromethane levels increase by 30% to 100%
in water distribution pipes; formation of bromodichloromethane is
likely to continue as long as chlorine and organic trihalomethane
precursors remain in the water (ATSDR 1989). Since 1998, the con-
centration of total trihalomethanes in public water systems has been
limited to 80 ppb (ug/L) (EPA 1998). The highest detected concen-
tration of bromodichloromethane before regulations went into effect
was in New Orleans, Louisiana, where its concentration was 11 ppb
(pg/L) in raw water and 116 ppb in finished water (NRC 1980). In
the water supplies of 113 U.S, cities surveyed from 1976 to 1977, the
mean bromodichloromethane concentration was 18 ppb (IARC 1991).
Bromodichloromethane was detected in 445 of 945 finished water
supplies from groundwater sources in a survey conducted from 1981
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to 1982, at a median concentration of approximately 1.8 ppb (HSDB
2009), and in 35 of 40 Michigan water supplies at a median concen-
tration of 2.7 ppb (Furlong and I>’Itri 1986). Bromodichloromethane
was found in 14 of 63 industrial wastewater discharges, at concentra-
tions ranging from less than 10 to 100 ppb (HSDB 2009).

The tap-water uses associated with the greatest bromodichloro-
methane exposure, based on concentrations of total trihalomethanes
in the blood or exhaled breath, were showering, bathing, and hand
dishwashing (Ashley et al. 2005, Nuckols et al. 2005). Ingestion of tap
water or hot or cold beverages containing tap water did not increase
blood or exhaled breath concentrations. The concentration of bromo-
dichloromethane in the blood increased 3- to 4-fold after shower-
ing; for two study sites, the median blood concentrations were 38 and
43 ppt (ng/L) after showering (Nuckols et al. 2005), and the median
water concentrations of bromodichloromethane were 14 and 12 ppb.

Exposure can also occur from dermal contact with and ingestion
of chlorinated swimming-pool water. Individuals who frequent indoor
swimming pools and saunas potentially are at higher risk from inhala-
tion exposure (ATSDR 1989). Bromodichloromethane was detected at
concentrations of 13 to 34 ppb in chlorinated freshwater pools (Beech
et al. 1980). Another study examined dermal and inhalation exposure
of two college students (one male and one female) to bromodichloro-
methane during a typical two-hour swimming workout. The results
suggested that the main route of exposure was dermal, rather than
inhalation, and showed that training was associated with a measur-
able body burden of bromodichloromethane (Lindstrom et al. 1997).
Another study found that concentrations of bromodichloromethane
in the urine of swimming-pool workers depended on its concentra-
tion in the air in the swimming-pool enclosure and increased over
the course of a four-hour shift by a factor of 2.5 (Caro and Gallego
2007). At the same pool, concentrations of bromodichloromethane in
the urine of swimmers increased by a factor of 3 to 4 after one hour
of exercise. Because the workers and swimmers were exposed to the
same air concentration of bromodichloromethane, the difference in
uptake was attributed to dermal absorption by the swimmers. These
results agree with those of a similar study of swimmers that mea-
sured bromodichloromethane in alveolar air before and after swim-
ming (Aggazzotti et al. 1998).

Although consumers potentially are exposed to bromodichloro-
methane from contaminated food, resulting from use of chlorinated
water to produce these foods, such exposure is not common, and
concentrations of bromodichloromethane in food are at or below
concentrations in drinking water (HSDB 2009). In the U.S. Food and
Drug Administration’s Total Diet Study, bromodichloromethane was
found in 46 food products, at concentrations ranging from 3 ppb (the
limit of quantitation) to 37 ppb (FDA 2003). Bromodichloromethane
was detected in cola drinks at concentrations of 2.3 to 3.8 ppb in one
study (HSDB 2009); in another study, it was found in non-caramel-
colored soft drinks at 0.1 to 0.2 ppb and in cola drinks at 0.9 to 5.9 ppb
(Abdel-Rahman 1982).

Bromodichloromethane is not produced on a large commercial
scale (HSDB 2009). If contamination occurs from a spill on land, vola-
tilization will occur, which is the predominant environmental removal
process, or the compound will leach into groundwater, where signifi-
cant biodegradation can occur under anaerobic conditions. Bromo-
dichloromethane has a relatively long half-life in air, estimated at 2
to 3 months (ATSDR 1989). Reactions with hydroxyl radicals or sin-
glet oxygen are probably the only identifiable transformation pro-
cesses in the atmosphere. Long-range global transport is possible.
Bromodichloromethane has been detected in rainwater, indicating
that washout from the atmosphere is possible; however, it is likely
that the compound will revolatilize (HSDB 2009). According to the
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U.S. Environmental Protection Agency’s Toxics Release Inventory,
the largest total environmental releases of bromodichloromethane
occurred in 1992, when 15,000 1b was released, all as fugitive air
emissions. In 2007, one industrial facility released 296 1b of bromo-
dichloromethane to the air (TRI 2009).

The potential for occupational exposure to bromodichlorometh-
ane is greatest among workers using it as a reagent for research or
to synthesize organic chemicals. Most other uses have been discon-
tinued (ATSDR 1989). The National Occupational Exposure Survey
(conducted from 1981 to 1983) estimated that 3,266 workers, includ-
ing 502 women, potentially were exposed to bromodichlorometh-
ane (NIOSH 1990).

Regulations

Environmental Protection Agency (EPA)

Clean Water Act

Efffuent Guidelines: Halomethanes are listed as toxic pollutants.

Water Quality Criteria: Based on fish or shellfish and water consumption = 0.55 ug/L; based on fish or
shellfish consumption only = 17 pg/L.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 5,000 Ib.

Emergency Planning and Community Right-To-Know Act

Toxics Release Inventory: Listed substance subject to reporting requirements.

Safe Drinking Water Act

Maximum contaminant level (MCL) = 0.080 mg/L for total trihalomethanes (sum of chloroform,
bromodichloromethane, dibromochloromethane, and bromoform).

Food and Drug Administration (FDA)

Maximum permissible level in bottled water = 0.08 mg/L for total trihalomethanes.
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1,3-Butadiene
CAS No. 106-99-0

Known to be a human carcinogen

First listed in the Fifth Annual Report on Carcinogens (1989)

HC C
2
c ScH,

Carcinogenicity

1,3-Butadiene is known to be a human carcinogen based on sufficient
evidence of carcinogenicity from studies in humans, including epide-
miological and mechanistic studies. 1,3-Butadiene was first listed in
the Fifth Annual Report on Carcinogens in 1989 as reasonably antic-
ipated to be a human carcinogen based on sufficient evidence of car-
cinogenicity from studies in experimental animals. The listing was
revised to known to be a human carcinogen in the Ninth Report on
Carcinogens in 2000.

Cancer Studies in Humans

A number of epidemiological studies have shown an association be-
tween occupational exposure to 1,3-butadiene and excess mortality
from cancer of the lymphatic and hematopoietic systems. These in-
clude (1) a cohort study showing increased risk of lymphosarcoma
and reticulosarcoma in workers who manufactured 1,3-butadiene
monomer, (2) a study of styrene-butadiene rubber workers in eight
plants in the United States and Canada showing increased risk of
leukemia among production workers, and (3) a case-control study
within the cohort of styrene-butadiene rubber workers showing a
large excess of leukemia associated with exposure to 1,3-butadiene
and not to styrene (IARC 1992). In addition, an excess of lymphosar-
coma and reticulosarcoma was found among 1,3-butadiene produc-
tion workers in a previously unstudied chemical plant (Ward et al.
1996). Excess deaths from leukemia were observed among long-term
workers who were hired before 1960 and had worked in the three (of
eight studied) styrene-butadiene rubber plants with the highest expo-
sure to butadiene (standardized mortality ratio = 1.8 in comparison
with the U.S. population). A second case-control study of styrene-
butadiene rubber workers with lymphopoietic cancer (with a new set
of controls for each case) confirmed the strong association and sig-
nificant dose-response relationship between 1,3-butadiene exposure
score and risk of leukemia (Matanoski et al. 1993). Finally, a follow-
up study of styrene-butadiene rubber workers in the synthetic rubber
industry also found a dose-response relationship between 1,3-buta-
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diene exposure level and the occurrence of leukemia (Delzell et al.
1996, 2006, Macaluso ef al. 1996).

Studies on Mechanisms of Carcinogenesis

1,3-Butadiene appears to cause tumors in humans and rodents through

its metabolism to DNA-reactive epoxide intermediates, which cause

genetic alterations in proto-oncogenes or tumor-suppressor genes

(Melnick and Kohn 1995). Mouse, rat, and human liver microsomes

have been shown to oxidize 1,3-butadiene to epoxybutene (Csadany
et al. 1992) and to further oxidize the monoepoxide to diepoxybutane

(Seaton et al. 1995). These metabolites form N'-alkylguanine adducts

that have been detected in liver DNA of mice exposed to 1,3-buta-
diene and in the urine of a worker exposed to 1,3-butadiene. Activated

K-ras oncogenes and inactivated tumor-suppressor genes observed

in 1,3-butadiene-induced tumors in mice are analogous to genetic

alterations frequently observed in a wide variety of human cancers.
Dose-related increases in siprt mutations have been observed in lym-
phocytes isolated from mice exposed to 1,3-butadiene or its epoxide

metabolites and in occupationally exposed workers. The mutational

spectra for 1,3-butadiene and its epoxide metabolites at the sprt lo-
cus in mouse lymphocytes are similar to the mutational spectrum for

ethylene oxide, an alkylating agent listed in the Report on Carcino-
gens as known to be a human carcinogen.

Cancer Studies in Experimental Animals

There is sufficient evidence for the carcinogenicity of 1,3-buta-
diene from studies in experimental animals. Inhalation exposure to
1,3-butadiene caused benign or malignant tumors at several differ-
ent tissue sites in rodents, including the hematopoietic system, heart
(hemangiosarcoma), lung, forestomach, Harderian gland, preputial
gland, liver, mammary gland, ovary, and kidney in mice (NTP 1984,
Huff et al. 1985, Melnick et al. 1990) and the pancreas, testis, thyroid
gland, mammary gland, uterus, and Zymbal gland in rats (Owen et
al. 1987).

Properties

1,3-Butadiene is an olefin which at room temperature is a colorless

gas with a mild aromatic or gasoline odor. It is insoluble in water but

soluble in ether, ethanol, acetone, and other organic solvents. It poly-
merizes readily, especially in the presence of oxygen; therefore, it is

shipped and stored with an inhibitor to prevent this reaction (Akron

2009). It is also a dangerous fire hazard. Physical and chemical prop-
erties of 1,3-butadiene are listed in the following table.

Property Information
Molecular weight 54.1°

Density 0.6149 g/cm® at 25°C°
Melting point -108.966°C*

Boiling point ~4.5°C at 760 mm Hg®
Log K, 1.99°

Water solubility 0.735g/L at 20°C*
Vapor pressure 2,110 mm Hg at 25°C*
Vapor density relative to air 1.87°

Sources: *HSDB 2009, *ChemIDplus 2009.

Use

1,3-Butadiene is used primarily as a monomer to manufacture many
different types of polymers and copolymers and as a chemical in-
termediate to produce a number of important industrial chemicals.
More than 75% of the 1,3-butadiene produced goes into synthetic
rubber products (CEN 1986). The major uses include production of
styrene-butadiene rubber (30% to 35%), polybutadiene rubber (20% to
22%), adiponitrile (12% to 15%), styrene-butadiene latex (10%), neo-
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prene rubber (5% to 6%), acrylonitrile-butadiene-styrene resins (5%

to 6%), and nitrile rubber (3%), exports (4%}, and other uses, includ-
ing production of specialty polymers (2% to 8%) (IARC 1992, ATSDR

1993). The major end-use products containing styrene-butadiene and

polybutadiene are tires. Other products include latex adhesives, seals,
hoses, gaskets, various rubber products, nylon carpet backings, paper
coatings, paints, pipes, conduits, appliance and electrical equipment

components, automotive parts, and luggage. The only major nonpoly-
mer use is in the manufacture of adiponitrile, a nylon intermediate.
Butadiene is also used in the manufacture of the fungicides captan

and captafol (Morrow 1990, IARC 1992, Kirschner 1996).

Production

1,3-Butadiene is isolated by distillation or extraction from crude

butadiene, which is a by-product of ethylene production. Commercial

production began in the 1930s IARC 1992). Between 1980 and 2002,
annual U.S. production of rubber-grade 1,3-butadiene ranged from

alow of 869,000 metric tons (1.9 billion pounds) in 1982 to a high of
2,009,000 metric tons (4.4 billion pounds) in 2000 (IARC 1992, CEN

1999, 2003). The average annual change was about 2.5% from 1992

to 2002 compared with about 1.2% from 1980 to 1990. 1,3-Butadiene

ranked 34th among the top 50 chemical commodities produced in the

United States in 1987, falling to 36th by the mid 1990s (Morrow 1990,
Kirschner 1996, CEN 1997). In 1990, 30 ethylene plants in the United

States produced crude butadiene streams that were processed in 11
extraction plants (Morrow 1990). In 2009, 11 U.S. producers and 12

U.S. suppliers of 1,3-butadiene were identified (ChemSources 2009,
SRI2009). Because U.S. demand for 1,3-butadiene has exceeded the

domestic supply in most years, imports have greatly exceeded exports.
Annual US. imports ranged from 500 million to 900 million pounds

from the late 1970s to the mid 1980s and from 1.2 billion to 1.4 bil-
lion pounds from 1998 to 2000, decreasing to 200 million pounds in

2002 (ATSDR 1993, USITC 2009). In 2008, imports were 1.7 billion

pounds. Annual U.S. exports ranged from 94 million to 145 million

pounds from the late 1970s through the mid 1980s, decreasing to 37.6

million pounds in 2000 and 15.2 million pounds in 2002. In 2008, ex-
ports were 217.6 million pounds.

Exposure

The primary route of potential exposure to 1,3-butadiene for the gen-
eral population is inhalation. Some exposure may occur through in-
gestion of contaminated food or water or dermal contact; however,
these routes of exposure are unlikely under most circumstances.
1,3-Butadiene is not a common contaminant of water supplies. Al-
though some food packaging contains residual 1,3-butadiene, the
available data indicate that it does not usually migrate to the food.
Certain cooking oils, such as rapeseed oil (canola), release 1,3-buta-
diene when heated (Shields et al. 1995).

Most people are exposed to low levels of 1,3-butadiene in the air,
because it is released to the environment during its production, use,
storage, and disposal and is present in gasoline, automobile exhausts,
and cigarette smoke. 1,3-Butadiene is emitted from petroleum refin-
eries and from furnaces at secondary lead smelting facilities handling
automotive lead-acid batteries that contain plastic battery separators
or that have hard rubber casings (EPA 1996). Incomplete combus-
tion of a variety of fuels forms 1,3-butadiene as a product. 1,3-Buta-
diene makes up 0.5% to 2% of the total organic gas emissions from
most types of combustion (Ligocki ef al. 1994). It can also be found
in motor-vehicle exhaust emissions as a product of incomplete com-
bustion of gasoline and diesel oil and from the thermal breakdown
of plastics (ATSDR 1993, EPA 1996). Through modeling of disper-
sion from a typical freeway source in California, it was estimated that

76

Substance Profiles

gasoline-fueled vehicles emit 0.011 g of 1,3-butadiene per mile (Coo-
per and Reisman 1992). 1,3-Butadiene also is formed naturally as a

by-product of forest fires (HSDB 2009). Releases of 1,3-butadiene in

sidestream cigarette smoke into the air have been variously estimated

at 152 to 400 g per cigarette (Ligocki et al. 1995). Calculations based

on 400 ug per cigarette indicate that 1,3-butadiene concentrations in

the homes of smokers would be increased by approximately 4 pig/m®,
and concentrations in air at workplaces allowing smoking would be

increased by 13 pg/m® (Wallace 1991).

According to the U.S. Environmental Protection Agency’s Toxics
Release Inventory, total industrial environmental releases of 1,3-buta-
diene declined from more than 7.7 million pounds in 1988 to about
1.8 million pounds in 2007, of which over 90% was released to air (TRI
2009). However, a nationwide 1,3-butadiene inventory (including ve-
hicle emissions and emissions from manufacturing and producing fa-
cilities) calculated annual butadiene emissions to air to be 102 million
kilograms (225 million pounds) in 1990 (Ligocki et al. 1994), consid-
erably higher than EPA’s estimate of about 5.2 million pounds (2.4
million kilograms) for industrial emissions in the same year.

The median daily concentrations of 1,3-butadiene in U.S. ambi-
ent air samples collected from 1970 to 1987 were 0.29 ppb in ur-
ban areas (385 samples), 0.32 ppb in suburban areas (196 samples),
and 0.1 ppb in rural areas (2 samples). The maximum 24-hour aver-
age concentrations of 1,3-butadiene reported for four U.S. cities in
2004 were 0.3 ppb for St. Louis, Missouri, 0.5 ppb for Chicago, Illi-
nois, and Los Angeles, California, and 37.4 ppb for Houston, Texas
(Clements et al. 2006). However, reported average daily concentra-
tions of 1,3-butadiene in ambient air within a mile of petrochemi-
cal facilities have exceeded 100 ppb, and the highest hourly average
concentrations have exceeded 900 ppb (ATSDR 1993). Volatilization
of 1,3-butadiene from wastewaters of styrene-1,3-butadiene copoly-
mer production at publicly owned treatment works has been calcu-
lated to be 21 tons per year (EPA 1996).

Occupational exposure to 1,3-butadiene may occur through in-
halation and, to a lesser extent, dermal contact (NTP 1984). The Na-
tional Occupational Exposure Survey (conducted from 1981 to 1983)
estimated that about 52,000 workers at 2,201 facilities, including 1,410
women, potentially were exposed to 1,3-butadiene (NIOSH 1990).
This estimate does not include workers exposed to butadiene poly-
mers and copolymers and is consistent with an earlier an estimate of
about 66,000 to 70,000 workers at 3,086 facilities reported in the Na-
tional Occupational Hazard Survey (conducted from 1972 to 1974)
(NIOSH 1976). Health hazard evaluation surveys conducted by the
National Institute for Occupational Safety and Health at six facili-
ties found air concentrations of 1,3-butadiene ranging from 0.06 to
39 ppm. Surveys conducted at many monomer, polymer, and end-user
plants have reported concentrations ranging from below detection to
374 ppm (827 mg/m?®). In most cases, 8-hour time-weighted-average
concentrations were less than 10 ppm (< 22 mg/m?) (IARC 1992,
ATSDR 1993). For the monomer industry as a whole, 1,3-butadiene
concentrations were greater than 10 ppm (> 22 mg/m®) in 7.1% of
the samples, 2 to 10 ppm (4 to 22 mg/m®) in 12.8%, 1 to 2 ppm (2 to
4 mg/m®) in 12.3% and less than 1 ppm (< 2 mg/m°®) in 67.8%. The
Occupational Safety and Health Administration permissible expo-
sure limit is 1 ppm. For the polymer industry as a whole, the corre-
sponding percentages for these four ranges were 3.3%, 7.7%, 3.3%,
and 85.8%, respectively. The arithmetic mean exposure for personal
full-shift exposures in the polymer plants was 1.14 ppm (2.57 mg/m®)
(Fajen et al. 1993).
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Regulations

Department of Transportation (DOT)

Butadienes are considered hazardous materials, and special requirements have been set for marking,
labeling, and transporting these materials.

Environmental Protection Agency (EPA)

Clean Air Act

Mobile Source Air Toxics: Listed as a mobile source air toxic for which regulations are to be developed.

National Emissions Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.

New Source Performance Standards: Manufacture of 1,3-butadiene is subject to certain provisions for
the control of volatile organic compound emissions.

Prevention of Accidental Release: Threshold quantity (TQ) = 10,000 Ib.

Urban Air Toxics Strategy: |dentified as one of 33 hazardous air pollutants that present the greatest
threat to public health in urban areas.

Standards have been established for emissions of 1,3-butadiene from reformulated gasoline and motor
vehicles.

Comprehensive Environmental Response, Compensation, and Liability Act

Reportable quantity (RQ) = 10 ib.

Emergency Planning and Community Right-To-Know Act

Toxics Refease fnventory: Listed substance subject to reporting requirements.

Occupational Safety and Health Administration (OSHA)

While this section accurately identifies 0SHA' legally enforceable PELs for this substance in 2010,
specific PELs may not reflect the more current studies and may not adequately protect workers.

Permissible exposure limit (PEL) = 1 ppm.

Short-term exposure limit (STEL) = 5 ppm.

Comprehensive standards for occupational exposure to 1,3-butadiene have been developed.

Guidelines

American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLY-TWA) =2 ppm.
National Institute for Occupational Safety and Health (NIOSH)

Immediately dangerous to life and health (IDLH) limit = 2,000 ppm.
Listed as a potential occupational carcinogen.
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1,4-Butanediol Dimethanesulfonate
CAS No. 55-98-1

Known to be a human carcinogen
First listed in the Fourth Annual Report on Carcinogens (1985)

Also known as busulfan; trimethylene methanesulfonate; Busulfex,
a registered trademark of Otsuka Pharmaceutical Co., Ltd.; or
Myleran, a registered trademark of GlaxoSmithKline, LLC
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Carcinogenicity

1,4-Butanediol dimethanesulfonate is known to be a human carcin-
ogen based on sufficient evidence of carcinogenicity from studies in
humans.
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Cancer Studies in Humans

Cases of cytological abnormalities (e.g., glant nuclei, cytomegaly, and

dysplasia) and cancer at several different tissue sites, including the

breast and female genital organs, were reported among leukemia pa-
tients who had been treated with 1,4-butanediol dimethanesulfonate.
Ina follow-up study of bronchial-cancer patients randomly assigned

to treatment with Myleran, cvclosphosamide, or placebo after sur-
gical removal of the tumor, leukemia developed in patients who had

received Myleran only, without radiation or other cytotoxic agents;

however, the risk of leukemia was not dose-related (IARC 1987).

Cancer Studies in Experimental Animals

Evidence for the carcinogenicity of 1,4-butanediol dimethanesulfo-
nate in experimental animals is limited. 1,4-Butanediol dimethane-
sulfonate administered to mice by intraperitoneal injection caused
leukemia in one study and T-cell lymphoma in another, but did not
increase the incidences of tumors in two other studies. When ad-
ministered by intravenous injection to female mice, 1,4-butanediol
dimethanesulfonate caused thymic lymphoma and ovarian tumors.
One study reported that pulmonary lesions (including benign tumors)
developed in mice exposed to 1,4-butanediol dimethanesulfonate, but
the route of administration was not specified. In rats, 1,4-butanediol
dimethanesulfonate did not cause tumors when administered orally.
When administered intravenously, it was reported to cause a variety
of tumors in male rats, but this study could not be evaluated because
of incomplete reporting (IARC 1982, 1987).

Properties

1,4-Butanediol dimethanesulfonate is an alkylsulfonate alkylating
agent that exists at room temperature as an off-white granular pow-
der with a slight odor. It has a molecular weight of 246.3 and a melt-
ing point of 119°C. It is almost insoluble in water, sparingly soluble
in acetone, and slightly soluble in ethanol, and it hydrolyzes in aque-
ous solution IARC 1974, Akron, 2009).

Use

1,4-Butanediol dimethanesulfonate is used as a chemotherapeutic
agent to treat some forms of leukemia, particularly chronic myelo-
cytic leukemia (IARC 1974, 1982). It also may be used in combina-
tion with cyclophosphamide as a conditioning regimen prior to bone
marrow transplants for chronic myelogenous leukemia. It is given in
tablets or by intravenous injection (FDA 2009, MedlinePlus 2009).

Production

Total annual production of 1,4-butanediol dimethanesulfonate was

believed to be less than 500 kg (1,100 Ib) in 1974 (IARC 1974). In

2009, no producer of 1,4-butanediol dimethanesulfonate was identi-
fied worldwide (SRI2009), but it was available from 14 U.S. suppliers

(ChemSources 2009), and drug products approved by the U.S. Food

and Drug Administration containing 1,4-butanediol dimethanesul-
fonate as the active ingredient were produced by two U.S. pharma-
ceutical companies (FDA 2009). No data on U.S. imports or exports

of 1,4-butanediol dimethanesulfonate were found.

Exposure

Patients may be exposed to 1,4-butanediol dimethanesulfonate by in-
gestion or intravenous administration during chemotherapeutic treat-
ment. 1,4-Butanediol dimethanesulfonate is available as 2-mg oral
tablets or in injectable form (6 mg/mL) (FDA 2009). The typical dos-
age in tablet form is 4 to 8 mg daily (IARC 1974). The recommended
intravenous dose prior to a bone-marrow transplant is 0.8 mg/kg of
body weight given as a two-hour infusion every six hours for four
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days (RxList 2010). Occupational exposure could occur among work-
ers formulating or packaging the tablets or health-care professionals

administering the drug. The National Occupational Exposure Survey
(conducted from 1981 to 1983) estimated that 1,764 workers, includ-
ing 892 women, potentially were exposed to 1,4-butanediol dimeth-
anesulfonate (NIOSH 1990).

Regulations

Consumer Product Safety Commission (CPSC)

Any orally administered prescription drug for human use requires child-resistant packaging.
Food and Drug Administration (FDA)

Regulated as a prescription drug subject to labeling and other requirements.

Guidelines

National Institute for Occupational Safety and Health (NIOSH)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.

Occupational Safety and Health Administration (OSHA)

A comprehensive set of quidelines has been established to prevent occupational exposures to
hazardous drugs in health-care settings.
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Butylated Hydroxyanisole
CAS No. 25013-16-5

Reasonably anticipated to be a human carcinogen
First listed in the Sixth Annual Report on Carcinogens (1991)
Also known as BHA or or (1,1-dimethylethyl)-4-methoxyphenol

2-BHA
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Carcinogenicity
Butylated hydroxyanisole (BHA) is reasonably anticipated to be a hu-

man carcinogen based on sufficient evidence of carcinogenicity from
studies in experimental animals.

Cancer Studies in Experimental Animals

Dietary exposure to BHA caused benign and malignant tumors of
the forestomach (papilloma and squamous-cell carcinomay) in rats of
both sexes and in male mice and hamsters (IARC 1986, Masui et al.
1986). Since BHA was listed in the Sixth Annual Report on Carcino-
gens, anadditional study in experimental animals has been identified.
Dietary administration of BHA to fish (hermaphroditic Rivulus mar-
moratus) as larvae caused liver cancer (hepatocellular carcinoma) in
the adult fish (Park et al. 1990).

Cancer Studies in Humans

The data available from epidemiological studies are inadequate to
evaluate the relationship between human cancer and exposure spe-
cifically to BHA. Since BHA was listed in the Sixth Annual Report
on Carcinogens, one epidemiological study of BHA has been identi-
fied. A population-based nested case-control study of stomach cancer
in men and women within the Netherlands Cohort Study of dietary
intake found no increase in risk at typical levels of dietary intake of
BHA (Botterweck et al. 2000).

Properties

BHA is an antioxidant which exists at room temperature as a white
or slightly yellow, waxy solid with a faint characteristic odor (IARC
1986). BHA in commercial use consists of a mixture of 3-tert-butyl-4-
hydroxyanisole (3-BHA) and 2-tert-butyl-4-hydroxyanisole (2-BHA).
BHA is insoluble in water, but is soluble in fats, oils, propylene glycol,
petroleum ether, chloroform, and 50% alcohol. Physical and chemi-
cal properties of BHA are listed in the following table.

Property Information

Molecular weight 180.2°

Melting point 48°C to 55°C°

Boiling point 264°C to 270°C at 733 mm Hg®
Log K, 3.5°

0213 g/L at 25°C°
0.00248 mm Hg at 25°C*

Sources: *HSDB 2009, ®ChemiDplus 2009.

Water solubility
Vapor pressure

Use

BHA is used primarily as an antioxidant and preservative in food,
food packaging, animal feed, and cosmetics, and in rubber and pe-
troleum products (IARC 1986). Food-grade BHA contains over 85%

3-BHA and less than 15% 2-BHA, while cosmetic-grade BHA con-
tains 90% 3-BHA and 8% 2-BHA. Since 1947, BHA has been added

to edible fats and fat-containing foods for its antioxidant properties.
It is also used in foods cooked or fried in animal oils, because of its

high thermal stability and its ability to remain active in baked and

fried foods (HSDB 2009). BHA is added to butter, lard, meats, cereals,
baked goods, sweets, beer, vegetable oils, potato chips, snack foods,
nuts and nut products, dehydrated potatoes, and flavoring agents. It

is used in sausage, poultry and meat products, dry mixes for bever-
ages and desserts, glazed fruits, chewing gum, active dry veast, de-
foaming agents for beet sugar and veast, and emulsion stabilizers for

shortening (IARC 1986). BHA stabilizes the petroleum wax coatings

of food packaging (HSDB 2009). BHA is considered by the U.S. Food

and Drug Administration (FDA) to be generally recognized as safe

when the antioxidant content does not exceed 0.02% by weight of the

food’s total fat or oil content.
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BHA is one of the primary antioxidants used in feeds, because it
retards the oxidation of vitamin A, fats, and vegetable oils. It is an ef-
fective stabilizer for essential oils, paraffin, and polyethylenes (HSDB
2009). It is used as an antioxidizing agent in a biomaterial made from
polyurethane and polyethylene oxide used to make mainline cathe-
ters (Silverstein et al. 1997). BHA is used as a preservative and anti-
oxidant in pharmaceutical preparations and cosmetic formulations
containing fats and oils. A 1981 FDA survey found that BHA was used
in 3,217 of 21,279 cosmetic formulations; the majority (88%) of the
reported concentrations did not exceed 0.1%. In that survey, use of
BHA was highest in lipstick formulations (1,256 products), followed
by eye-shadow products (410) (IARC 1986). For industrial use, BHA
has largely been replaced by tert-butylhydroquinone.

Production

In 2009, no producers of BHA were identified worldwide (SRI 2009),
but it was available from 46 suppliers, including 18 U.S. suppliers
{ChemSources 2009). No recent data on U.S. imports or exports of
BHA were found. Reports filed under the U.S. Environmental Protec-
tion Agency’s Toxic Substances Control Act Inventory Update Rule
indicated that U.S. production plus imports of BHA totaled 10,000 to
500,000 Ib in 1986 and 2000, 1 million to 10 million pounds in 1996,
and less than 500,000 1b in 2006 (EPA 2004, 2009).

Exposure

Routes of human exposure to BHA are ingestion, inhalation, and der-
mal contact. In 1975, the estimated average daily intake of BHA in
the diet was 4.3 mg JARC 1986). Estimated annual U.S. use of BHA
in food increased from 170,000 kg (374,000 Ib) in 1960 to 300,000
kg (660,000 Ib) between 1970 and 1982 (IARC 1986). Total reported
annual use of BHA in the mid 1970s was 450 metric tons (990,000
Ib) (Nicholas et al. 1978). The concentration of BHA in six samples
of human adipose tissue ranged from 0.01 to 0.03 ppm (Conacher et
al. 1986). Dermal exposure to BHA occurs from its use as an antiox-
idant in cosmetic products, especially lipstick and eye shadow (IARC
1986). BHA is also used as an antioxidant for some rubber and pe-
troleum products, and it is a stabilizer for vitamin A (HSDB 2009).

Workers potentially are exposed to BHA in certain industries, in-
cluding food producers, animal feed producers, livestock producers,
cosmetic manufacturers, some petroleum workers, and rubber pro-
ducers and those who handle the end products, such as tires. Fast-
food service personnel who normally cook and serve fried and oily
foods potentially are exposured to BHA at high levels; BHA is vola-
tile at 150°C to 170°C (302°F to 338°F) and is readily lost from ther-
mal processes that generate steam (Warner et al. 1986). The National
Occupational Exposure Survey (conducted from 1981 to 1983) esti-
mated that 89,673 workers, including 44,061 women, potentially were
exposed to BHA. Most of these workers were in the Health Services
(> 24,000 workers), Food (> 18,000 workers), and Chemical and Al-
lied Products industries (> 13,000 workers) (NIOSH 1990).

Regulations

Food and Drug Administration (FDA)

BHA is generally recognized as safe for use in food when the total of antioxidants is not greater than
0.02% of fat or oil content.

BHA may be used as a food additive permitted for direct addition to food for human consumption as
prescribed in 21 CFR 172 and 166.

BHA may be used in the manufacture of food packaging materials, with a limit of addition to food of
0.005%.

BHA may be used as an antioxidant in defoaming agents for processed foods, not to exceed 0.1% by
weight of defoamer.
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Cadmium and Cadmium Compounds
CAS No. 7440-43-9 (Cadmium)

No separate CAS No. assigned for cadmium compounds as a class
Known to be human carcinogens
First listed in the First Annual Report on Carcinogens (1980)

Also known as Cd

Carcinogenicity

Cadmium and cadmium compounds are known to be human car-
cinogens based on sufficient evidence of carcinogenicity from stud-
ies in humans, including epidemiological and mechanistic studies.
Cadmium and cadmium compounds were first listed as reasonably
anticipated to be human carcinogens in the First Annual Report on
Carcinogens in 1980, based on sufficient evidence of carcinogenic-
ity from studies in experimental animals. The listing was revised to
known to be human carcinogens in the Ninth Report on Carcino-
gens in 2000.

Cancer Studies in Humans

Several epidemiological cohort studies of workers found that ex-
posure to various cadmium compounds increased the risk of death
from lung cancer (IARC 1993). Although other factors that could in-
crease the risk of cancer, such as co-exposure to arsenic, were pres-
ent in several of these studies, it is unlikely that the increased risk
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of lung cancer was due entirely to confounding factors. Follow-up

analysis of some of these cohorts has not definitively eliminated ar-
senic exposure as a possibly confounding factor, but has confirmed

that cadmium exposure is associated with elevated lung-cancer risk

under some industrial circumstances (Sorahan et al. 1995, Sorahan

and Lancashire 1997). Some early cohort studies found an increased

risk of death from prostate cancer among cadmium-exposed work-
ers, but later cohort studies have not confirmed this observation.
Additional epidemiological evidence (including case-control studies

and geographic-distribution studies) suggests an association between

cadmium exposure and cancer of the prostate (Bako et al. 1982, Shi-
gematsu et al. 1982, Garcia Sanchez et al. 1992, van der Gulden et al.
1995), kidney (Kolonel 1976, Mandel et 4l. 1995), and urinary-bladder
(Siemiatycki et al. 1994). The International Agency for Research on

Cancer reevaluated the evidence for carcinogenicity of cadmium in

2009 and reaffirmed its earlier conclusion that there was sufficient

evidence of cadium’s carcinogenicity in humans. The evidence was

classified as sufficent for lung cancer and limited for prostate and kid -
ney cancer (Straif et al. 2009).

Studies on Mechanisms of Carcinogenesis

Many studies of cultured mammalian cells have shown that cad-
mium compounds cause genetic damage, including gene mutations,
DNA strand breaks, chromosomal damage, cell transformation,
and disrupted DNA repair. Increased frequencies of chromosomal
aberrations have been observed in the lymphocytes of workers oc-
cupationally exposed to cadmium. The accumulated information, in-
cluding the carcinogenicity of a wide variety of cadmium compounds,
supports the conclusion that ionic cadmium is the genotoxic form of
cadmium and its compounds. Therefore, the carcinogenic potential
ofa given cadmium compound is expected to depend on the degree
to which the compound releases ionic cadmium under the condi-
tions of exposure (IARC 1993).

The sensitivity of cells or tissues to cadmium appears to be related,
at least in part, to their ability to produce metallothionein, a protec-
tive protein that binds heavy metals, including cadmium. Activation
of the MT gene in response to cadmium exposure results in produc-
tion of metallothionein, which sequesters cadmium, thus limiting
its genotoxic effects. The difference between rats and mice in sensi-
tivity to cadmium as a lung carcinogen appears to be due to differ-
ential expression of MT in lung tissue following inhalation exposure
to cadmium. Other tissues in which cadmium causes cancer in ro-
dents also show minimal basal expression of the MT gene or limited
activation of MT in response to cadmium exposure (Oberdérster et
al. 1994). There is no evidence to suggest that mechanisms by which
cadmium causes tumors in experimental animals would not also op-
erate in humans.

Cancer Studies in Experimental Animals

Cadmium compounds caused tumors in several species of experimen-
tal animals, at several different tissue sites, and by several different
routes of exposure. Exposure to various cadmium compounds by in-
halation or intratracheal instillation caused lung cancer (pulmonary
adenocarcinoma) in rats; tumor incidence increased with increas-
ing exposure level. Lung tumors were also observed occasionally in
mice exposed to cadmium compounds by inhalation (IARC 1993).
When administered orally to rats, cadmium chloride caused dose-
related increases in the incidences of leukemia and benign testicu-
lar tumors. In several studies with rats and mice, single or multiple
injections (subcutaneous, intramuscular, or intraperitoneal) of vari-
ous soluble and insoluble cadmium compounds caused tumors (sar-
coma) at the injection site (IARC 1993, Waalkes and Rehm 1994a).
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Substance Profiles

Subcutaneous injection of cadmium compounds caused tumors at
various tissue sites, including prostate tumors in rats, testicular tu-
mors in rats and mice, lymphoma in mice, adrenal-gland tumors in
hamsters and mice, and lung and liver tumors in mice (IARC 1993,
Waalkes et al. 1994, Waalkes and Rehm 1994a,b,c).

Since cadmium and cadmium compounds were listed in the Ninth
Report on Carcinogens, additional studies in rats have been identified.
Subcutaneous administration of cadmium chloride to rats caused
pituitary-gland tumors (Waalkes et al. 1999a). In rats orally exposed
to cadmium chloride, the incidence of kidney tumors increased with
increasing exposure level; however, the tumor incidence was not sig-
nificantly higher at the highest dose than in the unexposed control
animals (Waalkes et al. 1999b).

Properties

Cadmium is an odorless, silver-white, blue-tinged malleable metal or
grayish-white powder. It has an atomic weight of 112.4 and belongs
to group IIB of the periodic table. Almost all cadmium compounds
have an oxidation state of +2. Cadmium is soluble in dilute nitric acid,
ammonium nitrate, and hot sulfuric acid and insoluble in water. It is
slowly oxidized in moist air but forms cadmium oxide fumes when
heated. Cadmium and cadmium compounds are not combustible but
may decompose in fires and release corrosive and toxic fumes. Hot
cadmium metal reacts with halogens, phosphorus, selenium, sulfur,
and tellurium, and cadmium vapor reacts with oxygen, carbon diox-
ide, water vapor, sulfur dioxide, sulfur trioxide, and hydrogen chlo-
ride. Cadmium is commercially available in purities ranging from
99% to 99.9999%, as powders, foils, ingots, slabs, sticks, and crystals
(TARC 1993, Llewellyn 1994, HSDB 2009).

Commercially important cadmium salts include cadmium chlo-
ride, cadmium sulfate, and cadmium nitrate. Cadmium chloride oc-
curs as small colorless-to-white rhombohedral or hexagonal crystals.
It is soluble in water and acetone, slightly soluble in methanol and eth-
anol, and insoluble in diethyl ether. Commercial cadmium chloride is
a mixture of hydrates similar to the dihydrate form of cadmium chlo-
ride. It is available in purities ranging from 95.0% to 99.999%. Cad-
mium sulfate occurs as colorless to white orthorhombic crystals. It
is soluble in water but insoluble in ethanol, acetone, and ammonia,
and is available in purities ranging from 98% to 99.999%. Cadmium
nitrate occurs as a colorless solid. It is soluble in water, ethanol, ace-
tone, diethvl ether, and ethyl acetate, and very soluble in dilute acids.
Cadmium nitrate is available in technical and reagent grades with a
purity of 99% or higher (IARC 1993, HSDB 2009).

Other commercially important cadmium compounds include cad-
mium oxide and cadmium sulfide. Cadmium oxide occurs as a col-
otless amorphous powder or dark-brown crystals. It is practically
insoluble in water, soluble in dilute acids and ammonium salts, and
insoluble in alkalis. Commercial-grade cadmium oxide is available in
purities ranging from 99% to 99.9999%. Cadmium sulfide occurs as
yellow-orange hexagonal or cubic dimorphic semitransparent crys-
tals or as a yellow-brown powder, but may be prepared to range in
color from white to deep orange-red. It is practically insoluble in wa-
ter, insoluble in alkalis, slightly soluble in ammonium hydroxide, and
soluble in concentrated or warm dilute mineral acids, with evolution
of hydrogen sulfide. Cadmium sulfide is available in purities rang-
ing from 98% to 99.999%; however, many cadmium sulfide products
are complex mixtures that contain other metal compounds (IARC
1973, 1993, HSDB 2009).

Use

Cadmium was discovered in 1817 but was not used commercially un-
til the end of the 19th century. The earliest use of cadmium, primar-
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ily in the sulfide form, was in paint pigments. Minor amounts were

used in dental amalgams in the early 1900s. During World War I, cad-
mium was used as a substitute for tin. Since World War II, almost all

cadmium has been used in batteries, pigments, alloys, electroplating

and coating, and stabilizers for plastics (IARC 1993, Llewellyn 1994).
However, in the late 20th century, the percentage of cadmium con-
sumed globally in the production of nickel-cadmium (NiCd) batter-
ies increased, while the percentages used in other traditional end uses

declined dramatically because of environmental and health concerns

(Tolcin 2009b). Electroplating and coating accounted for more than

half of cadmium consumption in 1960 but declined to 8% by 2000.
Cadmium pigments accounted for 20% to 30% of cadmium consump-
tion between 1970 and 1990 but declined to 12% in 2000. From 1970

to 2000, cadmium’s use in stabilizers decreased from 23% to 4%, and

its use in alloys from 8% to 1%. In contrast, cadmium’s use in batter-
ies grew from 8% in 1970 to 75% in 2000 (IARC 1993, Plachy 2000). In

2009, NiCd battery production was the leading end use of cadmium,
followed by pigments, coatings and plating, stabilizers for plastics,
nonferrous alloys, and other specialized uses (Tolcin 2009a).

Cadmium chloride is used in electroplating, photocopying, cal-
ico printing, dyeing, mirrors, analytical chemistry, vacuum tubes,
and lubricants and as a chemical intermediate in production of cad-
mium-containing stabilizers and pigments (IARC 1993, HSDB 2009).
However, its uses are declining. Cadmium chloride was used as a
fungicide for golf courses and home lawn turf, but these uses were
banned by the U.S. Environmental Protection Agency in the late 1980s
(ATSDR 1999). Cadmium sulfate is used in electroplating, fluores-
cent screens, vacuum tubes, and analytical chemistry; as a chemical
intermediate to produce pigments, stabilizers, and other cadmium
compounds; as a fungicide or nematocide; and as an electrolyte in
Weston cells (portable voltage standards). Cadmium nitrate is used
in photographic emulsions, to color glass and porcelain, in nuclear
reactors, and to produce cadmium hydroxide for use in alkaline bat-
teries (IARC 1993, HSDB 2009).

Cadmium sulfide is used primarily in pigments for paints, glass,
ceramics, plastics, textiles, paper, and fireworks. It is also used in
solar cells, fluorescent screens, radiation detectors, smoke detectors,
electron-beam-pumped lasers, thin-film transistors and diodes, phos-
phors, and photomultipliers. Cadmium oxide is used primarily in
NiCd batteries, but also as a catalyst and in electroplating, electri-
cal contacts, resistant enamels, heat-resistant plastics, and manufac-
ture of plastics (such as Teflon) and nitrile rubbers. Cadmium oxide
has been used as a nematocide and ascaricide in swine (IARC 1993,
HSDB 2009).

Production

Cadmium is a rare element, not found in its pure state in nature. It
occurs mainly as cadmium sulfide (CdS, or greenockite) in zinc de-
posits. Cadmium is chiefly recovered as a by-product of zinc concen-
trates, and its production depends on the demand for zinc (Llewellyn
1994). The United States began commercial production of cadmium in
1907 and was the world’s leading producer from 1917 to the late 1960s.
U.S. cadmium production peaked in 1969, at 5,740 metric tons (12.7
million pounds) (USGS 2009). Average annual production levels fell
to 2,758 metric tons (6 million pounds) for the 1970s, 1,498 metric
tons (3.3 million pounds) for the 1980s, 1,437 metric tons (3.2 million
pounds) for the 1990s, and 1,196 metric tons (2.6 million pounds) for
the 2000s (Tolcin 2009a, USGS 2009). In 2009, the United States and
India each produced 700 metric tons (1.54 million pounds) of cad-
mium, tying them as the ninth-largest producers of cadmium glob-
ally (Tolein 2009a). U.S. production accounted for almost 4% of 2009
world cadmium production. U.S. production of cadmium compounds
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